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Wire-wrapped  bundle  friction  factor  data  and  correlations  thoroughly  collected.
Three  methodologies  proposed  for identifying  the  best  ﬁt correlation.
80 out  of 141  bundles  selected  as database  for  evaluation.
The  detailed  Cheng  and  Todreas  correlation  identiﬁed  to ﬁt the  data  best.
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a  b  s  t  r  a  c  t
Existing  wire-wrapped  fuel  bundle  friction  factor  correlations  were  evaluated  to  identify  their compar-
ative  ﬁt to the  available  pressure  drop  experimental  data. Five  published  correlations,  those  of  Rehme
(REH),  Baxi  and  Dalle  Donne  (BDD,  which  used  the  correlations  of  Novendstern  in  the  turbulent  regime
and  Engel  et  al. in  the  laminar  and  transition  regimes),  detailed  Cheng  and  Todreas  (CTD),  simpliﬁed  Cheng
and  Todreas  (CTS),  and  Kirillov  (KIR,  developed  by  Russian  scientists)  were  studied.  Other  correlations
applicable  to a speciﬁc  case were  also  evaluated  but only  for that  case.  Among  all  132 available  bundle
data,  an  80  bundle  data  set  was  judged  to be appropriate  for this  evaluation.  Three  methodologies,  i.e., the
Prediction  Error  Distribution,  Agreement  Index  and  Credit  Score  were  principally  used  for  investigating
the  goodness  of each  correlation  in  ﬁtting  the  data.  Evaluations  have  been  performed  in  two  categories:  4
cases  of  general  user  interest  and  3 cases  of  designer  speciﬁc  interest.  The  four  general  user  interest  cases
analyzed  bundle  data  sets  in  four  ﬂow  regimes  – i.e.,  all regimes,  the  transition  and/or  turbulent  regimes,
the  turbulent  regime,  and the  laminar  regime.  The  three  designer  interest  cases  analyzed  bundles  in the
fuel  group,  the  blanket  and control  group  and those  with  P/D > 1.06,  for the transition/turbulent  regimes.
For  all  these  cases,  the  detailed  Cheng  and  Todreas  correlation  is identiﬁed  as  yielding  the  best  ﬁt.  Speciﬁ-
cally  for  the  all ﬂow  regimes  evaluation,  the best  ﬁt  correlation  in descending  order  is  CTD,  BDD/CTS  (tie),
REH  and KIR.  For  the combined  transition/turbulent  regime,  the  order  is  CTD,  BDD,  REH, CTS and  KIR.  In
the  turbulent  regime  alone,  the  order  is  CTD,  BDD/REH,  CTS  and  KIR.  In the  laminar  regime,  the  order  is
CTD,  CTS,  KIR  and BDD/REH.  For  fuel  assemblies,  the order  is CTD, BDD,  REH,  CTS  and  KIR.  For  blanket
and  control  assemblies,  the  order  is  CTD,  CTS,  KIR,  REH  and  BDD.  For  bundles  with  P/D  >  1.06,  the  order  is
the  same  as  that  for  the  fuel  group.  Three  supplemental  evaluations  have  been  performed,  one  being  the
80  bundle  set  in the transition  and/or  turbulent  regimes  with  8 added  CFD  simulation  results.  The  other
two  are  based  on the  appropriate  set of  109  bundles  covering  all ﬂow  regimes  and 108  bundles  covering
the  transition/turbulent  regimes,  respectively.  In these  supplemental  evaluations  the  correlation  order  is
CTD,  CTS/BDD,  REH  and  KIR  for the  CFD  results  added  case;  CTD, REH,  BDD,  CTS  and  KIR  for the  109  bundle
case  and  REH,  CTD,  BDD,  CTS  a
most  recently  published  evalu
bundle  set  evaluated  by  Bubeli
in  the  correlation  order of  REH
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Nomenclature
A axial average ﬂow area
Ar projected area of wire in a subchannel
D rod diameter
De equivalent hydraulic diameter
Dw wire diameter
f  Darcy friction factor, if no subscript means bundle
average value
H  wire lead length
L  axial length
N  number of each kind of subchannel in the bundle
Nr number of pins in the bundle
P  rod pitch
P  pressure drop
Pw wetted perimeter
Re  Reynolds number, if no subscript means bundle
average value
ReL laminar to transition boundary Reynolds number
ReT transition to turbulent boundary Reynolds number
V  axial velocity
W  edge pitch parameter deﬁned as (D + gap between
rod and bundle wall)
X  ﬂow split parameter for each subchannel deﬁned as
(Vi/Vb)
 coolant density
  dynamic viscosity
  angle which the wire makes with respect to vertical
axis
  intermittency factor
Subscripts
i  1, 2, 3 or b denote interior, edge, corner subchannel
type,  or bundle average, respectively
f denotes friction
L  denotes laminar ﬂow regime
T  denotes turbulent ﬂow regime
Tr denotes transition ﬂow regime
Superscript
′ denotes equivalent bare rod values (without consid-
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. Introduction
.1. The wire-wrapped rod bundle conﬁguration
Use of helically wound wires around fuel and control rods is typ-
cally selected for tightly packed hexagonal rod arrays, frequently
eferred to as an “assembly” or “bundle”. Wrapped wire following a
elical pattern functions as a spacer maintaining the gap between
djacent rods while importantly also enhancing coolant mixing
etween adjacent subchannels. Fig. 1 illustrates a 37-pin wire-
rapped assembly with the standard single wire per rod wrapped
t the same wire start position (designated as the wire-to-pin con-
guration) including conventional subchannel deﬁnitions and key
eometrical parameters. Alternate conﬁgurations with multiple
ires have been designed and tested but are not considered in the
valuations of this paper.
Sodium-cooled  fast reactors (SFRs) have recently received
enewed interest and have been proposed as one candidate con-
ept for Generation IV reactors. The French ASTRID (Varaine et al.,
012) reactor is such a design using wire-wrapped fuel pins
ightly spaced in hexagonal bundles. The exact pin and wire wrapnd Design 267 (2014) 109– 131
geometry  of the ASTRID bundle design has not yet been published.
The 600 MWe  Traveling Wave Reactor-Prototype (TWR-P), a pool-
type, sodium-cooled fast reactor (Hejzlar et al., 2013) also uses
wire-wrapped fuel rod assemblies. The fuel pin diameter, P/D and
H/D for the TWR  are 8.35 mm,  1.141and 29.94, respectively. Wire-
wrapped bundle geometry is also of potential application in fuel
bundles of other current unique reactor designs. These include
the reduced-moderation pressurized water reactor (RMWR) design
for which two  design variants – a heterogeneous and a seed-and-
blanket core – have been explored. For these variants the fuel array
has a P/D from 1.08 to 1.11 while the blanket array parameters are
from 1.03 to 1.06 (Shelley et al., 2003; Hibi et al., 2000). An addi-
tional unique design is the accelerator-driven sub-critical reactor
system (ADS) of which the latest version is the Multipurpose Hybrid
Research Reactor for High-tech Applications (MYRRHA), with a pre-
liminary P/D selection of 1.3 or 1.4 (De Bruyn et al., 2011).
Pressure drop across the bundle is a key design value for the per-
formance of the wire-wrapped rod assembly. Pressure drop across
a length L is calculated by the following equation,
P  = f
(
L
De
)(
V2
2
)
(1)
where f, the (Darcy) friction factor, is a function of Reynolds number
(Re) and bundle geometrical parameters, normally dimension-
less ones, such as P/D, H/D. In order to characterize the pressure
drop behavior of wire-wrapped rod bundles, 132 experiments on
bundles with the wire-to-pin conﬁguration and a wide range of
geometrical parameters have been performed over the last six
decades. During this period about 10 correlations for friction fac-
tor were developed for design application and calibrated based on
different sets of experimental data.
1.2. The objective of this paper
This paper will evaluate these correlations based on this avail-
able data base and will provide recommendations for their use by
general users and designers. The essential step is to identify the
questions these users would like to have answered and then select
the appropriate set of experimental bundles (the data base) upon
which the evaluation of correlations to answer these questions
should be based. These questions and appropriate databases are
as follows:
• For  the general user, what is the relative performance of existing
correlations over the broadest range of bundle geometries and
ﬂow  regimes for which experimental results exist?
For this case we assess the available correlations against 80
bundles selected from the total available 132 experimental bun-
dles. These 80 bundles cover the full range of geometry and all
ﬂow regimes – laminar through turbulent. Of the 132 test bun-
dles, 74 were performed by Rehme (1967). Rehme’s bundles have a
geometry of ﬁve P/D ratios combined with ﬁve H/D ratios, and each
combination has three bundles with different pin number (except
one, the P/D = 1.343 and H/D = 8.33 set, i.e., the Rehme41 conﬁg-
uration, includes only two  bundles). To avoid undue inﬂuence of
any systematic uncertainties in his experimental database, we have
selected 25 bundles, one for each of the sets of P/D and H/D, to rep-
resent Rehme’s experimental results. Our 80 bundle assessment
group is composed of these 25 Rehme bundles plus 55 test bundles
performed by other investigators which will be identiﬁed in the
next section.
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cFig. 1. Typical SFR wire-wrapp
For  the designer, what is the relative performance of existing cor-
relations for the bundle geometries and ﬂow regimes applicable
to  the reactor of interest?
For this case we note that the traditional fast reactor designer
s interested in all ﬂow regimes for three geometries – the
uel assembly, typically with 217 or 271 pins of D = 7.0 mm,
/D = 1.25, H/D = 50.0; the blanket assembly, typically with 61 pins
f D = 15.0 mm,  P/D = 1.07, H/D = 8.0; and the control assembly, typ-
cally with 37 pins of D = 18.3 mm,  P/D = 1.05, H/D = 20.0. The P/D of
uel assemblies of new SFRs, for example, ASTRID and TWR, could
e as low as 1.10. Hence we assess the available correlations against
he following bundle sets.
 35 fuel bundles (1.10  P/D  1.30, 20  H/D  54).
 16 blanket and control bundles (1.03  P/D  1.13, 7  H/D  23).
 29 bundles of other geometry comprise a third geometry group
which  are only included in the database (Table 1) for general user
evaluations  of correlations.
.3. Perspective on the correlation evaluations in the existing
iterature
Most  of the bundle pressure drop experiments and friction fac-
or correlations were accomplished before 1990. The correlations
ave been assessed, with different conclusions, by Chun and Seo
2001) and Bubelis and Schikorr (2008). Out of 138 test bundles
vailable up to 2001, only 14 were used by Chun and Seo, while
f the 140 bundles available up to 2008, only 21 (plus the 7 pin
undle CFD study of Gajapathy et al. (2007)) were used by Bubelis
nd Schikorr. Seven of the same bundles were selected by both
roups of investigators. The conclusions of their studies were quite
ifferent. Without specifying the application ranges, Chun and Seo
oncluded that detailed Cheng and Todreas correlation (1986) is the
est ﬁt, while Bubelis and Schikorr concluded that Rehme (1973) is
he best one while the detailed Cheng and Todreas correlation was
he worst performing. These conﬂicting results are possible since
he different data sets and different assessing methodologies used
y different groups of investigators could lead to different conclu-
ions. Also, however, as we will show, the Bubelis and Schikorr
nalysis used incorrect parameters in expressing the Cheng and
odreas correlation.
The  evaluations of this paper will clarify the contradictory con-
lusions of these two evaluations and will provide general userssembly and rod conﬁguration.
and  designers with recommendations regarding the most appro-
priate correlation for their purposes. To do so, friction factor data
from all the wire-wrapped bundle pressure drop experiments pub-
lished since 1960 were gathered and evaluated. Thus this paper
provides a thorough evaluation of existing correlations based on
all the available but appropriate experimental data.
2.  Background
2.1. Available wire-wrapped bundle ﬁction factor data
There are a total of 132 bundles of the wire-to-pin conﬁguration
upon which pressure drop experiments have been performed and
published. Table 1 lists 83 of these bundles – 25 Rehme bundles and
58 bundles by other investigators – which have been identiﬁed by
investigator’s name, year of data publication, ﬂow medium, and
bundle geometry. In the last column, the bundle is identiﬁed based
on geometrical parameters within the fuel assembly group (group
1), the blanket and control group (group 2) or the “others” group
(group 3), as categorized in the last section. The 49 bundles not
listed in Table 1 are all Rehme’s bundles with the same P/D and
H/D ratios but lower pin number. The experiments are described
in Appendix A within the national reactor development programs
which commissioned their execution, including a brief description
of relevant speciﬁc characteristics.
The  experiments from the US and Indian pressurized heavy
water reactor programs, as well as the US gas fast reactor program
summarized in Table 2 and brieﬂy described in Appendix A, are not
evaluated in this study because the bundle geometry of these pro-
grams is not the same as the standard geometry of Fig. 1, which is
that covered by the prediction correlations. Also it should be noted
that bundle experiments which undoubtedly have been performed
within the ongoing SFR programs of China, France, India and Rus-
sia are not included in this study since they have not to date been
published in the literature.
2.2.  Available friction factor correlations
The ﬁrst popular wire-wrapped bundle friction factor corre-
lation was  developed by Novendstern (1972). A semi-empirical
model theoretically determined the ﬂow distribution within the
fuel array and multiplied the pressure drop for a smooth pipe, using
equivalent diameter techniques, by an empirical correlation fac-
tor (M) which accounted for wire effects. The M factor was able to
correlate the experimental data of Reihman (1969), Baumann et al.
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Table 1
Wire-wrapped rod bundles of the wire-to-pin conﬁguration for which pressure drop experiments have been performed and friction factor data published – 25 of Rehme’s
group and 58 by other experimenters.
No. ID Year Coolant Pin no. D (mm) Dw(mm)  P/D W/D H/D Groupc
1 ISPRA 2011 Water 12 8.0 2.4 1.3 1.3 18.75 3,TrT
2  ESTHAIRa 2010 Air 19 16.0 3.84 1.24 1.24 21.88 1,LTrT
3  Choia 2003 Water 271 7.4 1.4 1.2 1.2 24.84 1,TrT
4  Chun1a,b 2001 Water 19 8.0 2.0 1.256 1.265 25.0 1,LTrT
5  Chun2b 2001 Water 19 8.0 2.0 1.255 1.268 37.5 1,LTrT
6  Chun3b 2001 Water 19 8.0 1.4 1.180 1.176 25.0 1,LTrT
7  Chun4b 2001 Water 19 8.0 1.4 1.178 1.180 37.5 1,LTrT
8  Chengb 1984 Water 37 15.04 2.26 1.154 1.164 13.4 3,LTrT
9  Efthimiadis 1983 Water 19 18.92 4.60 1.245 1.245 35.20 1,L
10  Burns 1980 Water 37 12.72 1.91 1.156 1.177 21.0 1,LT
11  Chiu1a,b 1979 Water 61 12.73 0.80 1.067 1.069 8.0 2,LTrT
12  Chiu2*,b 1979 Water 61 12.73 0.80 1.067 1.069 4.0 NA
13  Marten11 1982 Water 37 15.98 0.66 1.041 1.041 8.38 2,LTrT
14  Marten12 1982 Water 37 15.98 0.66 1.041 1.041 12.6 2,LTrT
15  Marten13a,b 1982 Water 37 15.98 0.66 1.041 1.041 17.01 2,LTrT
16  Marten21b 1982 Water 37 15.51 1.12 1.072 1.072 8.34 2,LTrT
17  Marten22 1982 Water 37 15.51 1.12 1.072 1.072 12.54 2,LTrT
18  Marten23 1982 Water 37 15.51 1.12 1.072 1.072 16.68 2,LTrT
19  Marten31 1982 Water 37 15.11 1.53 1.101 1.101 8.31 2,LTrT
20  Marten32a,b 1982 Water 37 15.11 1.53 1.101 1.101 12.31 2,LTrT
21  Marten33 1982 Water 37 15.11 1.53 1.101 1.101 16.61 2,LTrT
22  Carelli 1981 Water 61 12.70 0.635 1.05 1.05 20.0 2,LTrT
23  Spencera,b 1980 Water 217 5.84 1.42 1.252 1.242 51.74 1,LTrT
24  Itoh1 1981 Water 91 6.3 1.27 1.216 1.216 15.03 3,TrT
25  Itoh2 1981 Water 91 6.3 1.27 1.216 1.216 22.54 1,TrT
26  Itoh3 1981 Water 91 6.3 1.27 1.216 1.216 32.22 1,TrT
27  Itoh4 1981 Water 91 6.3 1.27 1.216 1.216 45.08 1,TrT
28  Itoh5a,b 1981 Water 127 5.5 0.9 1.176 1.178 38.0 1,LTrT
29  Itoh6 1981 Water 127 5.5 0.9 1.176 1.178 53.27 1,TrT
30  Itoh7a,b 1981 Water 169 6.5 1.32 1.214 1.214 47.39 1,LTrT
31  Engelb 1979 W&Sd 61 12.85 0.94 1.082 1.080 7.78 2,LTrT
32  Hoffmann1 1973 Sodium 61 6.0 1.9 1.317 1.317 16.67 3,TrT
33  Hoffmann2 1973 Sodium 61 6.0 1.9 1.317 1.317 33.33 3,TrT
34  Hoffmann3 1973 Sodium 61 6.0 1.9 1.317 1.317 50.0 3,TrT
35  Wakasugi1 1971 Water 91 6.3 1.2 1.221 1.221 14.29 3,TrT
36  Wakasugi2 1971 Water 91 6.3 1.2 1.221 1.221 20.63 1,TrT
37  Wakasugi3 1971 Water 91 6.3 1.2 1.221 1.221 30.16 1,TrT
38  Wakasugi4 1971 Water 91 6.3 1.2 1.221 1.221 41.27 1,TrT
39  Okamoto 1970 W&Sd 91 6.3 1.39 1.221 1.221 40.48 1,TrT
40  Davidson 1971 Water 217 6.39 1.808 1.283 1.283 48.0 1,T
41  Reihman1 1969 Water 37 6.756 0.406 1.079 1.10 22.56 2,TrT
42  Reihman2 1969 Water 37 6.756 0.406 1.079 1.10 45.11 3,TrT
43  Reihman3 1969 Water 37 6.35 0.762 1.148 1.171 12.0 3,TrT
44  Reihman4 1969 Water 37 6.35 0.762 1.148 1.171 24.0 1,TrT
45  Reihman5 1969 Water 37 6.35 0.762 1.148 1.171 48.0 1,TrT
46  Reihman6 1969 Water 37 6.096 1.016 1.196 1.220 50.0 1,TrT
47  Reihman7 1969 Water 37 5.994 1.08 1.215 1.240 50.85 1,TrT
48  Reihman8 1969 Water 37 6.35 2.012 1.376 1.434 24.0 3,TrT
49  Reihman9 1969 Water 37 6.35 2.012 1.376 1.434 48.0 3,TrT
50  Reihman10 1969 Water 217 6.35 0.762 1.135 1.143 48.0 1,TrT
51  Reihman11 1969 Water 37 7.62 0.914 1.150 1.178 40.0 1,TrT
52  Reihman12 1969 Water 19 6.35 0.762 1.156 1.184 48.0 1,TrT
53  Reihman13* 1969 Water 37 6.35 0.762 1.148 1.171 96.0 NA
54  Reihman14* 1969 Water 37 4.978 0.597 1.145 1.158 61.22 NA
55  Baumann1 1968 Water 61 6.0 1.0 1.167 1.167 16.7 3,T
56  Baumann2 1968 Water 61 6.0 1.0 1.167 1.167 25.0 1,T
57  Baumann3 1968 Water 19 6.62 1.5 1.227 1.227 15.1 3,T
58  Baumann4 1968 Water 19 6.62 1.5 1.227 1.227 22.7 1,T
59  Rehme11d 1967 Water 61 12.0 1.5 1.125 1.125 8.33 2,TrT
60  Rehme12d 1967 Water 61 12.0 1.5 1.125 1.125 12.5 2,TrT
61  Rehme13da+ 1967 Water 61 12.0 1.5 1.125 1.125 16.67 2,TrT
62  Rehme14da+ 1967 Water 61 12.0 1.5 1.125 1.125 25.0 1,TrT
63  Rehme15d 1967 Water 61 12.0 1.5 1.125 1.125 50.0 1,TrT
64  Rehme21c 1967 Water 37 12.0 2.8 1.233 1.233 8.33 3,TrT
65  Rehme22c 1967 Water 37 12.0 2.8 1.233 1.233 12.5 3,TrT
66  Rehme23c 1967 Water 37 12.0 2.8 1.233 1.233 16.67 3,TrT
67  Rehme24c 1967 Water 37 12.0 2.8 1.233 1.233 25.0 1,TrT
68  Rehme25c 1967 Water 37 12.0 2.8 1.233 1.233 50.0 1,TrT
69  Rehme31ca- 1967 Water 37 12.0 3.3 1.275 1.275 8.33 3,TrT
70  Rehme32ca+ 1967 Water 37 12.0 3.3 1.275 1.275 12.5 3,TrT
71  Rehme33c 1967 Water 37 12.0 3.3 1.275 1.275 16.67 3,TrT
72  Rehme34c 1967 Water 37 12.0 3.3 1.275 1.275 25.0 1,TrT
73  Rehme35ca+ 1967 Water 37 12.0 3.3 1.275 1.275 50.0 1,TrT
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Table  1 (Continued)
No. ID Year Coolant Pin no. D (mm)  Dw(mm)  P/D W/D H/D Groupc
74 Rehme41ba− 1967 Water 19 12.0 4.1 1.343 1.343 8.33 3,TrT
75  Rehme42c 1967 Water 37 12.0 4.1 1.343 1.343 12.5 3,TrT
76  Rehme43c 1967 Water 37 12.0 4.1 1.343 1.343 16.67 3,TrT
77  Rehme44c 1967 Water 37 12.0 4.1 1.343 1.343 25.0 3,TrT
78  Rehme45c 1967 Water 37 12.0 4.1 1.343 1.343 50.0 3,TrT
79  Rehme51c 1967 Water 37 12.0 5.0 1.417 1.417 8.33 3,TrT
80  Rehme52c 1967 Water 37 12.0 5.0 1.417 1.417 12.5 3,TrT
81  Rehme53c 1967 Water 37 12.0 5.0 1.417 1.417 16.67 3,TrT
82  Rehme54ca+ 1967 Water 37 12.0 5.0 1.417 1.417 25.0 3,TrT
83  Rehme55ca+ 1967 Water 37 12.0 5.0 1.417 1.417 50.0 3,TrT
* Bundles out of nominal SFR geometry, not used for this evaluation.
a Bundles used by Bubelis and Schikorr (2008) for evaluation: for Rehme’s bundles with superscript a+, 19 pin bundles were used; for superscript a−, Rehme 7 pin bundles
were used.
b Bundles used by Chun and Seo (2001) for evaluation.
c Bundle group: 1 for fuel assembly, 2 for blanket and control assembly, 3 for others; L for laminar data available, TrT for transition and turbulent data available, T for only
turbulent data available; NA for not applicable.
d W&S: water and sodium.
Table 2
Bundles tested in the US and Indian heavy water reactor programs and the US gas fast reactor program.
ID Year Coolant Pin no. D (mm)  Dw (mm) P/D W/D H/D
Vijayana 1999 Water 19 15.21 1.22 1.08 NA 15.24
Arwikara 1979 Water 61 21.1 1.067 1.05 1.05 14.45
Bishop1  1962 Water 19 13.61 1.63 1.12 1.12 25.25
Bishop2  1962 Water 19 12.93 2.31 1.179 1.179 25.25
Bishop3a 1962 Water 19 12.65 2.59 1.205 1.205 8.03
Bishop4a 1962 Water 19 12.65 2.59 1.205 1.205 16.07
Bishop5  1962 Water 19 12.65 2.59 1.205 1.205 24.10
Bishop6  1962 Water 19 12.65 2.59 1.205 1.205 30.12
12.07
(
t
l
a
a
a
e
a
T
ABishop7  1962 Water 19 
a Bundles used by Bubelis and Schikorr (2008) for evaluation.
1968) and Rehme (1967), for about 40 bundle experiments, all in
he turbulent region to an accuracy of ±14% with a 95% conﬁdence
evel. The detailed equations for the Novendstern (NOV) correlation
re listed in Appendix B, and its application range in Table 3.
Rehme  (1973) proposed a widely used correlation based on
n effective velocity to take into account the swirl ﬂow velocity
round the rod. The pressure drop of a rod bundle was  hypoth-
sized to be proportional to the square of this effective velocity
nd a parameter which accounted for the inﬂuence of the rod
able 3
pplication range and database for friction factor correlations.
Modela Year Nr P/D H/D 
NOV 1972 19–217 1.06–1.42 8.0–96.0 
REH 1973 7–217 1.1–1.42 8.0–50.0 
Engel MEngelb 1979
2008
19–61 1.067–1.082 7.7–8.3 
CTD  1986 19–217 1.0–1.42 4.0–52.0 
CTS  1986 19–217 1.025–1.42 8.0–50.0 
BDDb
MBDDb
1981
2008
19–217 1.06–1.42 8.0–96.0 
ZHU  1986
2010
NA 1.0–1.5 Re > 6000
8.0–25.0
Re < 2000
8.3–50.0
ZHUT 2010 NA 1.0–1.5 8.0–50.0 
KIR 2010 NA 1.05–1.25 8.0–50.0 
a Correlation by Carajilescov and Fernandez (1999) not included due to its very limited
b MEngel, modiﬁed Engel correlation; MBDD, modiﬁed BDD correlation, both proposed
c For turbulent region only.
d Rehme’s 7-pin bundles not selected as part of data base. 3.18 1.263 1.263 25.25
number.  A modiﬁed friction factor was  then calibrated as a func-
tion of the modiﬁed Reynolds number using effective velocity as
the characteristic velocity, solely by using Rehme’s own vast (74)
bundle data set. The bundle friction factor was then formulated as
listed in Appendix B. There is no laminar model in Rehme’s corre-
lation, and it is valid only for P/D > 1.1. The full application range of
Rehme’s (REH) correlation is depicted in Table 3. The accuracy of
this correlation compared to Rehme’s own  data is around ±8% in
the turbulent region (Cheng, 1984).
Reynolds number range Uncer taintyc Data basec (Table 1)
Transition & turbulent
(2600–  105)
±14%  Reihman Baumann
Rehmed
Transition & turbulent
(1000–3  × 105)
±8% All Rehme
All regimes (50–105) ±15% Chiu1 Engel Rehme11
All regimes (50–106) ±14% All before 1984
All regimes (50–106) ±15% Same as above
All regimes (50–105) NA Chiu2 Engel Spencer
All regimes (50–2 × 105) ±20% Most of Rehme
Turbulent (104–2 × 105) ±15% NA
All regimes (50–2 × 105) ±15% NA
 data base.
 by Bubelis and Schikorr (2008). Database for BDD are for laminar constant only.
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Engel et al. (1979) proposed a very simple friction factor corre-
ation that can be applied to the laminar, transition and turbulent
ow regimes. Engel’s correlation was developed speciﬁcally for
he blanket assembly, based mainly on the data from their own
our bundles with P/D ∼ 1.082, and H/D = 7.8, and Chiu’s P/D = 1.067,
/D = 8.0 bundle data. All were 61-pin bundles. The data of one of
ehme’s bundles, with 19 pins, P/D = 1.125 and H/D = 8.3, were also
hown in their comparison ﬁgure. It can be concluded that Engel’s
odel was speciﬁcally developed for the blanket assembly with
/D ∼ 1.08 and H/D ∼ 8.0. Engel’s is not a general correlation and
herefore is not useful for predicting the friction factor for bundles
f other geometry. Engel’s correlations are listed in Appendix B.
For the laminar ﬂow condition alone, Engel et al. (1979)
lso developed a simple correlation based upon the very limited
atabase available at that time (Chiu et al. (1979): P/D = 1.067,
/D = 4.0, Engel et al. (1979): P/D = 1.082, H/D = 7.78 and Spencer
nd Markley (1980): P/D = 1.252, H/D = 51.74); the proposed corre-
ation was
 · Re =
(
320√
H
)
(P/D)1.5 (2)
here H is in cm.
Note  that the application of this correlation appears limited to
he extreme geometry conditions of the database. Further, the lam-
nar friction factor constant f × Re is not expressed as a function of
imensionless parameters.
Cheng  and Todreas (1986) proposed hydrodynamic models and
orrelations for the three types of subchannels in a hexagonal
ssembly. For the interior subchannel, the pressure drop is assumed
o be caused by surface friction and wire drag. For the edge and cor-
er subchannels, the pressure drop is caused mainly by skin friction
ssociated with the swirl velocity following the wire. The models
educe to bare rod correlations as the wire diameter becomes zero.
he empirical constants were calibrated by the signiﬁcant amount
f then available data for the turbulent region. Constants for the
aminar region were obtained using the much fewer laminar data
hen available. An intermittency factor was introduced for corre-
ating behavior in the transition region, and a formulation for the
ransition friction factor was proposed. Bundle average friction fac-
ors calculated from these subchannel friction factor correlations
an predict data within ±14% with a 92% conﬁdence level in the
urbulent region. This correlation is depicted in Appendix B by
he designation CTD (detailed Cheng–Todreas correlation), and its
pplication range is shown in Table 3.
The bundle friction factor predicted by CTD involves the lengthy
alculation of friction factor constants for each type of subchannel,
lthough the calculation is simple and straightforward. A simpler
orrelation was therefore proposed which was empirically ﬁt to
atch the results of bundle friction factor constants obtained from
he CTD correlation. This set of equations is called the simpliﬁed
heng–Todreas (CTS) correlation. It is also listed in Appendix B,
nd its application range is also shown in Table 3.
The  Baxi and Dalle Donne (1981) (BDD) model in turbulent
egion (Re > 5000) is based on the Novendstern model, with its
arameter X1 = 1.0 and De1 = Deb. For the laminar region (Re < 400),
he laminar constant correlation of Engel et al. (1979), Eq. (2), was
dopted with a factor considering the coolant temperature pro-
le effect. The same formula as that of Engel et al. was used for
he transition region. The BDD correlation thus adopted the work
f Novenstern and Engel et al. with very simple modiﬁcations as
entioned above. The equation and application range of BDD are
escribed in Appendix B and Table 3, respectively.To obtain an improved agreement with the experimental data
ets used in their evaluation, Bubelis and Schikorr (2008) modi-
ed the BDD correlation by changing the laminar constant in Eq.
2) from the coefﬁcient 320 to 300. However, in this modiﬁed BDDnd Design 267 (2014) 109– 131
(MBDD)  correlation the parameter related to the wire lead length,
H/(D + Dw), in the M factor equation is taken as different from that
in the BDD correlation, (H/D); further, the deﬁnition of intermit-
tency parameter is slightly altered. Finally Bubelis and Schikorr
(2008) also modiﬁed the Engel et al. (1979) model by changing the
turbulent constant from 0.55 to 0.37, designating it as the modi-
ﬁed Engel correlation. The equations for the MBDD correlation and
the application range are illustrated in Appendix B and Table 3,
respectively.
There are several correlations developed by Russian scientists
that are presented in the handbook edited by Kirillov et al. (2010).
Two types of wire spacer were considered. One  type is the typi-
cal SFR fuel assembly design designated as “wire-to-pin” with the
same wire start position on each rod and the wire wound in the
same direction so that a single wire is between two adjacent rods.
With the other type, designated as “ﬁn-to-ﬁn spacing”, wires are
wrapped in the opposite direction on adjacent rods so that two
wires are in the gap between rods. For the typical wire spacing
design, a friction factor correlation for laminar ﬂow applicable for
H/D from 8.3 to 50, and two  friction factor correlations for turbu-
lent ﬂow are presented. The ﬁrst of the two turbulent correlations
was developed by Zhukov et al. (1986). In this ﬁrst turbulent cor-
relation the friction factor is formulated by multiplying a bare rod
value by a correction factor for the wire-wrapped spacer. While
the laminar equation is applicable for H/D from 8.3 to 50, this ﬁrst
turbulent correlation is applicable for H/D from 8.0 to only 25.0. A
transition friction factor equation combining these laminar and tur-
bulent equations in a quite uncommon way (see Eqs. (B8.3)–(B8.5)
in Appendix B) is also presented in Kirillov et al. (2010). These
friction factor correlations are designated as the Zhukov (ZHU) cor-
relation.
The second turbulent region correlation in the Kirillov et al.
handbook is designated as the Zhukov turbulent (ZHUT) corre-
lation, since it is also attributed to Zhukov et al. (1986). The
application ranges for all these correlations are depicted in Table 3,
and the equations which express these correlations are described
in Appendix B.
The  Sobolev (SOB) model was  introduced by Bubelis and
Schikorr (2008) in their evaluation. This turbulent friction factor
correlation is also presented in Kirillov et al. (2010) and credited to
Subbotin et al. (1972), but it is speciﬁcally applicable to the “ﬁn-to-
ﬁn spacing” conﬁguration. It is also formulated with the same bare
rod value as for ZHU above multiplied by a correction factor for
the wire-wrapped spacer. The estimated uncertainty for the bare
rod part is 10%, and the uncertainty for the correction factor for the
wire-wrapped spacer is 5% (Sobolev, 2012). Analyses presented in
later sections show that the Sobolev correlation is more accurate
than the two  Russian correlations discussed above in predicting
the turbulent wire-wrapped bundles data used in this study, even
though the data used are for the wire-to-pin conﬁgurations, i.e.,
with a single wire in the gap. Combining this turbulent equation of
Sobolev with the laminar equation in the ZHU model and the tran-
sition equation of the Engel et al. (1979) model, we propose a model
designated as the Kirillov (KIR) correlation representing what we
consider to be the most accurate of the Russian developed models.
Its application range is illustrated in Table 3, and the correlation is
shown in Appendix B.
2.3.  Previous evaluations
2.3.1.  Evaluation results
Chun  and Seo (2001) were the ﬁrst investigators to evaluate theaccuracy of existing wire-wrapped friction factor correlations in
a systematic way. A total of 551 friction factor data points were
collected based on data from ten test bundles, i.e., Cheng, Chiu1,
Chiu2, Marten13, Marten21, Marten32, Spencer, Itoh5, Itoh7 and
ring and Design 267 (2014) 109– 131 115
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ngel, in addition to four bundle experiments which they per-
ormed themselves (see Table 1, bundles with superscript b for
undle descriptions). Predictions from ﬁve correlations were com-
ared with this data set, i.e., Novendstern, Rehme, Engel, CTS, and
TD. The results were presented in ﬁve fpredicted versus fmeasured (FF)
gures. The Novendstern model was found to predict friction fac-
ors within 20%, but only for f < 0.04, i.e., in the turbulent regime.
he Rehme model underpredicted almost all data by 0 to −50%.
he Engel model, which does not consider the effect of P/D and
/D, predicts most data within ±40% error. The CTS predicted most
ata within ±20% error; the CTD predictions were slightly better
han the CTS. By visual inspection of these ﬁgures, Chun and Seo
oncluded that the CTD correlation was the best ﬁt correlation.
Bubelis  and Schikorr (2008) compared predictions of 7 correla-
ions with 22 bundle data sets obtained from several publications.
he aim of their study was to ﬁnd a generically most applica-
le correlation, not particularly limited to only SFR fuel bundle
esign. This determined their somewhat random selection of the
ata sets used in their study. The 7 correlations were Novend-
tern, Rehme, modiﬁed BDD, modiﬁed Engel, CTS, CTD and Sobolev
see Table 3 for descriptions). The 22 data sets were from reports
ublished by Geffraye (2008), Gajapathy et al. (2007), Choi et al.
2003), Chun and Seo (2001), Vijayan et al. (1999), Carajilescov and
ernandez (1999) (for Chiu1 and Bishop3, Bishop4 bundles), Cheng
nd Todreas (1986) (for Marten13, Marten32, Itoh5, Itoh7, and
pencer bundles), Arwikar and Fenech (1979), and Rehme (1973)
eight bundles). These bundles are identiﬁed with superscript a in
ables 1 and 2. Note that the Rehme bundles selected have fewer
ins (7 or 19); speciﬁcally, the identiﬁers are 13b, 14b, 31a, 32b,
5b, 41a, 54b and 55b.
Bubelis  and Schikorr assigned each correlation an Agreement
ndex with data based upon a visual inspection of ﬁgures com-
aring the data and predictions as a function of bundle Reynolds
umber. They then concluded that, in general, the correlations
est ﬁtting experimental data (in descending order) were Rehme,
obolev, Novendstern, modiﬁed Engel, modiﬁed BDD, CTS and CTD.
A less comprehensive evaluation was performed by Choi et al.
2003), who compared their measured data (Choi’s bundle in
able 1 which is a fuel bundle geometry) with predictions of four
f the correlations evaluated by Chun and Seo. The CTD was not
ssessed due to its complexity. Choi et al. concluded the following:
1) the Novendstern correlation agreed well with the experimental
data  in the fully turbulent regime, but some deviations were
observed  in the transition region;
2)  the Rehme correlation followed the trend of measured data
quite  closely; however, it slightly underpredicted the friction
factor;
3) the Engel correlation severely overpredicted the friction factor;
4) the CTS agreed with most of the data within ±10%.
Several other publications indicated the superiority of the Cheng
nd Todreas correlations. Tenchine (2010) concluded that, for pres-
ure drop evaluation (the comparison of different friction factor
odels proposed in the literature with the pressure drop cor-
elation provided by Superphenix subassembly tests), the best
greement with Superphenix data was obtained by Rehme (1973)
nd Cheng and Todreas (1986). The advantage of the Rehme model
s its relative simplicity, but the Cheng–Todreas model was val-
dated over a larger range of bundle characteristics and ﬂow
egimes
Computational ﬂuid dynamic (CFD) simulations for calculation
f pressure drop and friction factors have been performed in recent
ears. Recently Rolfo et al. (2012) used CFD calculations to study
riction factors for ﬁve wire-wrapped rod bundle test cases: (a)
-pin bundles with P/D = 1.1 and H/D = 16.8, and (b) 7, 19, 61,Fig. 2. Comparison between Cheng–Todreas correlation results provided by Bubelis
and Schikorr (2008) and the correct results of this study for ESTHAIR bundle.
271-pin with P/D = 1.1 and H/D = 21.0. Four correlations (Novend-
stern, Rehme, modiﬁed Engel and CTS) were compared with the
friction factor results from CFD calculation for Reynolds number
higher than 5000. Rolfo et al. concluded that the CTS results have
the best correspondence with their CFD results for all geometries
studied.
2.3.2. Shortcomings in Bubelis and Schikorr’s evaluation
Compared to this study and several other evaluations, Bubelis
and Schikorr (2008) reached quite different conclusions regarding
the relative performance of the Cheng and Todreas correlations. The
fundamental reason for these conclusions is that the simpliﬁed CT
model described in the Bubelis and Schikorr paper is not the same as
that published by Cheng and Todreas (1986). The parameter related
to wire lead length should be (H/D), not (H/(D + Dw)) as shown in
Eqs. (12)–(14) of Bubelis and Schikorr’s paper. An illustration of the
difference in results from the use of these two  wire lead parameters
is shown in Fig. 2 which compares results for the CTD and CTS from
this study, those given by Bubelis and Schikorr and the data for the
ESTHAIR bundle. This ﬁgure illustrates that the values for CTS given
by Bubelis and Schikorr which are calculated using the parameter
H/(D + Dw), give much higher results than those we report for the
CTS correlation. As also shown in this ﬁgure, the curve for CTD given
by Bubelis and Schikorr shows an unphysical trend the origin of
which is unknown.
The  same lead-length-related parameter difference is found in
the evaluation of the Novendstern correlation in Eq. (6) of the
Bubelis and Schikorr (2008) paper. The turbulent friction factor
equation from Novendstern’s model was used in the BDD corre-
lation. The use of the parameter, H/(D + Dw), is also found in the
BDD model described in Eq. (16) of Bubelis and Schikorr (2008).
This equation is subsequently used in the MBDD correlation pro-
posed by Bubelis and Schikorr (2008). As will be shown in Section 4
the MBDD correlation predicts the data unsatisfactorily, while the
original BDD (using H/D for the H related parameter) predicts the
data well. It is apparent that, due to Bubelis and Schikorr’s use of the
H/(D + Dw) parameter to calculate results, they reached signiﬁcantly
different conclusions from other studies about the performance of
these correlations.
One  other shortcoming of Bubelis and Schikorr’s evaluation is
the selection of a rather random bundle data set, not particularly
suitable, in our opinion, for the evaluation of their selected corre-
lations. Out of 22 bundle results, 4 (i.e., Arwikar, Bishop3, Bishop4
and Vijayan) are not of the standard SFR assembly design as elabo-
rated in Appendix A, Section 2. Eight of them are Rehme’s bundles,
of which two  contain only 7-pins, an array size that is only within
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he Rehme correlation’s application range. Finally, the friction fac-
or values for the Indian PBFR bundle was not from CFD simulation
esults, but rather the predictions of Rehme correlation were used
or comparison.
.  Evaluation strategy
.1.  General overview of the strategy
The evaluation of the relative performance of existing correla-
ions was performed in two categories as discussed in Section 1.2,
.e., for the general users and for the reactor designers. Consistent
ith general practice for the general users, we will identify the rel-
tive performance of correlations over the span of the entire ﬂow
egion range. For the designers the bundles are separated into the
uel assembly group (group 1), the blanket/control assembly group
group 2) and all bundles (groups 1, 2, 3) with P/D > 1.06, which
re hence within the application range of all ﬁve evaluated corre-
ations. This segregation was done to best provide designers with
he information most useful to their needs.
Regarding ﬂow region, our study considers four ﬂow regions: all
ow regimes, the transition and/or turbulent regimes, the turbu-
ent regime and the laminar regime. It does not seem necessary to
valuate separately the transition and turbulent regimes since most
orrelations were developed to encompass both regimes. Excepted
re the NOV and the ZHUT correlations, which are valid mainly in
he turbulent regime. On the other hand, only the CTD, CTS, Engel,
DD, KIR and MBDD correlations have proposed models for the
aminar constant (f × Re). The evaluation case of the existing lami-
ar data, while included as the fourth general interest case, is also,
f course, of direct interest to reactor designers.
For reference the actual ﬂow regime boundaries in wire-
rapped bundles proposed by Cheng and Todreas (1986) for
aminar transferring to transition (ReL), and for transition to tur-
ulent (ReT) are as follows:
og(ReL/300) = 1.7((P/D) − 1.0) (3a)
og(ReT/10, 000) = 0.7((P/D) − 1.0) (3b)
Based on the above equations, ReL increases from 440 to 1400,
nd ReT from 12,000 to 19,000 as P/D varies from 1.1 to 1.4. The
ow regimes in this study are deﬁned by these two equations.
Three  additional evaluations of an increasing bundle number
ave been performed. These are designated as a supplemental cate-
ory. The ﬁrst is evaluation of the recently published bundle friction
actor results calculated by CFD simulation, in total eight bundles
f results from Gajapathy et al. (2009) and Rolfo et al. (2012). These
FD simulations are added to a 79 experimental bundle set to
rovide an evaluation in the transition and/or turbulent regimes.
he other two involve adding 29 additional Rehme bundles to the
ase 80 bundle data set, making the total bundle number 109 in all
ow regimes and 108 in the transition and/or turbulent regimes.
Table  4 summarizes the ten evaluation cases of this study –
our for general user information, three for designer use and three
upplemental cases.
.2.  Correlations selected for evaluation
Of the published wire-wrapped friction factor correlations dis-
ussed in Section 2.2, all except Engel and modiﬁed Engel are to be
valuated in this paper. The Engel correlation is excluded since it is
pplicable only to the speciﬁc geometry of the SFR blanket assem-
ly of P/D ∼ 1.08 and H/D ∼ 8.0. It is effectively a regression of data
or one geometry of bundle; hence it cannot be compared with
ata from bundles of different geometry. The ZHU correlation, duend Design 267 (2014) 109– 131
to its limited H/D range, is included only for the blanket and con-
trol bundle group to which it applies. The NOV and ZHUT are valid
only for turbulent regime, and they are only evaluated in this case.
Due to the replacement of the H/D parameter in BDD by H/(D + Dw)
in MBDD, the MBDD overpredicts a large portion of data, and the
results are far from satisfactory. Since MBDD uses a different key
parameter from that of the original Novendstern correlation, we
do not include it in our evaluation, except in the ﬁrst two cases
in Table 4 for the purpose of illustration. However, for the laminar
regime (Case #4), MBDD is included because of its modiﬁed formula
for laminar constant.
The  last column of Table 4 summarizes the correlations eval-
uated in different cases. Note that the KIR uses the same laminar
model as that of the ZHU.
3.3.  Bundle data selected for evaluation
Since the correlations are used principally for the design of
the SFR, the test bundles used to check which correlation predicts
better results should be as close to the real bundle geometry as
possible. Therefore, the 7-pin bundles were not selected for use in
this study. Further, 3 bundles of Table 1 are not utilized since they
are beyond the nominal geometry range of the correlations eval-
uated as cited by note in the table. Hence 80 of the 83 bundles in
Table 1 are used for the evaluations for all ﬂow regimes, the tran-
sition and/or turbulent regimes, the turbulent regime only and the
laminar regime only. For each of the experimental bundles in the
transition and turbulent regions which have multiple data points,
13 data points were selected, normally 8 in the transition region and
5 in the turbulent region. This was  done in order to avoid introduc-
ing a bias by overweighting data from bundles for which multiple
Reynolds number data were reported. All the 23 bundles having
laminar data points were used for evaluating the laminar regime.
As for assembly types, 35 bundles belong to group 1 (fuel), 16 to
group 2 (blanket and control), and 29 to group 3 (others).
3.4.  Correlation scoring methodology
Three scoring methodologies were proposed for evaluating the
performance of predictions from a correlation based on a given set
of data. From the quantitative results of these methods, the best ﬁt
correlation can be identiﬁed.
3.4.1. Prediction error distribution
A  traditional method to investigate how well data are predicted
by a correlation is to plot the predicted versus measured friction
factor values, designated as FF ﬁgures. Chun and Seo (2001) used
this method based on 551 data points (see Table 1 for bundles with
superscript b) to evaluate 5 correlations as discussed above.
When  obvious discrepancies between correlation predictions
exist, such ﬁgures are effective tools in deciding upon the rela-
tive performance of correlations. However, if the data distributions
for different correlations appear similar, it will be unlikely that
this method can illustrate which correlation is better than the oth-
ers. Nevertheless, the mean and standard deviation (STD) of each
correlation’s prediction error can easily be estimated. The predic-
tion error for a correlation is deﬁned as (prediction-data)/data. The
mean error is the sample mean of data points (in percentage) calcu-
lated by the prediction error. The STD of the prediction error is the
square root of the sample variance of data points, where the sample
variance = (1/(N − 1))
∑N
i=1(datai − mean)
2, and N is total number of
data points. Assuming that the error distribution is a normal dis-
tribution, one can calculate the plus and minus prediction error %
with a given conﬁdence level. A 90% conﬁdence interval of ±X% can
be interpreted as there is a 90% chance that the prediction error
S.K. Chen et al. / Nuclear Engineering and Design 267 (2014) 109– 131 117
Table  4
Evaluation cases for the best ﬁt correlations.
Description of evaluation case Evaluation
results
presented
Flow regime covered Bundle number Correlations
evaluateda
General user interest evaluations
#1)  All 80 bundles in all ﬂow regimes Section 4.1.1 All regimes 80 5 + MBDD
#2)  79 bundles in transition and/or turbulent regimes Section 4.1.2 Transition and/or turbulent 79 5 + MBDD
#3)  79 bundles in turbulent regime Section 4.1.3 Turbulent only 79 5 + NOV+ ZHUT
#4) 23 bundles in laminar regime Section 4.1.4 Laminar only 23 5 + MBDD
Designer  user evaluations
#5)  34 fuel group bundles in transition and/or turbulent
regimes
Section  4.2.1 Transition and/or turbulent 34 5
#6) 16 blanket and control group bundles in transition
and/or turbulent regimes
Section 4.2.2 Transition and/or turbulent 16 5 + ZHU  + MZHU
#7)  75 bundles with P/D > 1.06 in transition and/or
turbulent regimes
Section  4.2.3 Transition and/or turbulent 75 5
Supplemental evaluations
#8)  79 bundles and 8 CFD results in transition and/or
turbulent regimes
Section  4.3 Transition and/or turbulent 87 5
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t#9) 109 bundles in all ﬂow regimes Section 4.3
#10) 108 bundles in transition and/or turbulent regimes Section 4.3 
a 5 correlations: REH, BDD, CTD, CTS, KIR.
s within ±X%. This interval is a superior index for the goodness
f a correlation given that the normal distribution assumption is
alid. The smaller the interval, the better the correlation performs.
his interval is sensitive to the estimated STD. If the errors are not
rom a normal distribution with estimated sample STD, then the
onﬁdence interval assessed in this way will not be realistic. In this
ase the 90% data interval, the actual error percentage within which
0% of the data points are predicted for each correlation, would be
 better index for our purpose.
.4.2.  Agreement Index
Bubelis  and Schikorr (2008) plotted friction factor data and cor-
elation predictions for each bundle and then assessed via visual
nspection an index (from 0 to 3) for the degree of correlation
greement with the data: 3 for excellent agreement, 2 for good
greement, 1 for acceptable agreement, and 0 for unsatisfactory
greement. The criteria used to assign these indices was  not spec-
ﬁed in their publication, but observation indicates that 3 was
ssigned for root mean square (RMS) of prediction error < 10%, 2 for
0–20%, 1 for 20–30%, and 0 for > 30%. The RMS  of the prediction
rror is deﬁned as the square root of ((1/n)
∑n
i=1(prediction error)
2),
here n is the number of data points for each bundle. Using the RMS
f the prediction error of one bundle data set, the Agreement Index
AI) for each correlation can be assigned accordingly. The corre-
ation that has the highest total Agreement Index considering all
undle data was concluded to provide the best performance.
.4.3.  Credit Score
The  Credit Score (CS) method assigns a performance index based
n the RMS  error between the data and the correlation prediction.
ince the data normally have approximately a 10% measurement
ncertainty, there is no difference in goodness of prediction for
rror less than 10%. Starting from 10% error, the greater the error,
he less the Credit Score in a linearly assigned manner. Beyond 20%
rror the prediction is considered to be unsatisfactory, and a zero
redit Score is assigned. The correlation having the highest total
redit Score for all the bundles evaluated is considered to be the
est ﬁt correlation.
.  Analyses for best ﬁt correlationsA total of 80 bundles are appropriate for use to investigate the
orrelations in this section. The ID and geometrical properties of
hese bundles are listed in Table 1. Of these 80 bundles, only 23All  regimes 109 5
Transition and/or turbulent 108 5
bundles  have laminar data. These 23 bundles will be used in the
laminar data analyses. Except for the Efthimiadis bundle, which
contains laminar data only, the remaining 79 bundles have data in
the transition and/or turbulent regimes and will be used in the tran-
sition and/or turbulent regimes investigations. With speciﬁc value
ranges of the ratio P/D and H/D, these bundles are then divided to
smaller groups based on their potential design application. Accord-
ingly 35 bundles with P/D = 1.1–1.3 and H/D = 20–54 are assigned to
the fuel assembly group (or group 1). Bundles with P/D = 1.03–1.13
and H/D = 7–23 are assigned to group 2, the blanket and control
assembly group. The rest belong to group 3, the other bundles
group. The speciﬁc bundles belonging to each group can be found
in the last column of Table 1.
Table 4 summarizes the ten evaluation cases that were inves-
tigated in this paper. The ﬁrst seven cases, four of general user
interest and the next three of designer interest, are the main evalu-
ations for determining the best ﬁt correlation. The last three of the
total of ten are supplemental cases for reference purposes. Evalu-
ation Case #1, the base 80 bundle set covering all ﬂow regimes, is
the most general case in which data in all ﬂow regimes are com-
pared with predictions and illustrated in FF ﬁgures. Hence the FF
ﬁgures for all correlations evaluated are presented. For the other six
cases, the main results are shown in Tables of Indices for express-
ing the goodness of ﬁt of correlations; the comparison between data
and prediction for speciﬁc bundles and/or ﬂow regimes evaluated
within these cases can be observed from the FF ﬁgures presented
within Evaluation Case #1 which cover all 80 bundles. As for his-
tograms, only three ﬁgures are shown below (the CTD correlation
in Case #1, the REH and BDD correlations in case #7) since these
cases demonstrate that the prediction error is well ﬁt by a normal
distribution. As for supplemental cases, only summaries of main
indices are shown below. The complete results of all ten evaluation
cases can be found in Nguyen et al. (2013).
4.1. General user interest correlation ranking
4.1.1. Evaluation case #1 – Base 80 bundle set covering all ﬂow
regimes
In  total there are 983 data points in all three ﬂow regimes from
the 80 bundles utilized in this study. Figs. 3–8 show the predicted
friction factor versus measured friction factor distribution for the
REH, BDD, CTD, CTS, MBDD and KIR correlations, respectively. For
the laminar regime, it can be observed that CTD, CTS and KIR per-
form fairly well while REH, BDD and MBDD cannot predict the data
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tig. 3. Comparison of predictions by the Rehme (REH) correlation to the measured
riction  factors of all 80 bundles in all ﬂow regimes.
atisfactorily. In general, the MBDD overpredicts a large portion of
he data, mainly due to its use of the H/(D + Dw) parameter in adopt-
ng the Novendstern correlation in the turbulent regime. Among
he others, the CTD has the smallest deviation from the data. Per-
ormance of these correlations for the transition and/or turbulent
egimes, the turbulent regime only and the laminar regime only are
iscussed separately in later sections.The sample mean and sample STD of each correlation’s predic-
ion errors are calculated and illustrated in Table 5. Fig. 9 illustrates
he histogram of error (at 2% intervals) for the CTD correlation. A
ormal distribution curve with the mean and STD is plotted for
ig. 4. Comparison of predictions by the Baxi and Dalle Donne (BDD) correlation to
he measured friction factors of all 80 bundles in all ﬂow regimes.Fig. 5. Comparison of predictions by the detailed Cheng and Todreas (CTD) correla-
tion to the measured friction factors of all 80 bundles in all ﬂow regimes.
comparison, and it ﬁts the histogram distribution closely for CTD
and CTS. For the REH and BDD cases, the distributions have some
data points with a very large error. These high prediction errors
(>40%) are predominantly from the low ﬂow rate data, mainly in
the laminar regime.
Assuming  these errors are sampled from a normal distribution,
the 90% conﬁdence intervals of these correlations are shown in
Table 5: CTD has the smallest value (±15.9%). The descending order
for the others is CTS, REH, KIR, BDD and MBDD. The intervals that
cover 90% of the data for each correlation are also shown in this
Fig. 6. Comparison of predictions by the simpliﬁed Cheng and Todreas (CTS) corre-
lation to the measured friction factors of all 80 bundles in all ﬂow regimes.
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Table  5
Indices for goodness of correlation predictions based on all ﬂow regimes data of all 80 bundles.
Index Model
REH BDD CTD CTS MBDD KIR
Mean error −1.1% 4.6% −0.3% 1.4% 16.0% 7.2%
STD  of error 14.4% 13.8% 9.6% 11.5% 22.5% 12.5%
90%  conﬁdence intervala ±23.7% ±24.0% ±15.9% ±19.0% ±45.3% ±23.7%
90%  data intervalb ±20.0% ±19.0% ±14.7% ±18.0% ±43.5% ±22.5%
Mean  RMS  9.7% 10.1% 8.4% 10.3% 20.4% 13.1%
Agreement  Index 200 202 218 202 138 177
Credit  Score 63.1 65.9 72.6 65.2 38.3 52.6
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higher bump than does that of CTD. Both of these sudden decreasesa 90% conﬁdence interval: assuming normal distribution of error, 90% of data can
b 90% of the data were predicted within this interval.
able. These intervals are fairly close to the conﬁdence intervals for
ach correlation, except for REH and BDD for which the STDs are cal-
ulated to be large due to high error data points mentioned above,
eading as well to quite higher 90% conﬁdence interval values than
0% data interval values. In this case, the normal distribution for
he prediction errors assumption should not be valid, and the 90%
ata interval becomes a better index for goodness of correlations,
eading to the order of the correlations as: CTD, CTS, BDD, REH, KIR
nd MBDD.
The RMS  of each bundle’s prediction errors was calculated, and
he Agreement Index and Credit Score for each correlation for that
undle data were assigned. The summation of all 80 bundle scores
or the Agreement Index and Credit Score as well as mean RMS  are
lso listed in Table 5. The CTD has higher total Agreement Index
alues than those (by descending order) of the BDD, CTS, REH, KIR
nd MBDD correlations. For the Credit Score the order is the same.
From the results of the 90% data interval, Agreement Index, and
redit Score, the descending order of the best ﬁt correlation for all
0 bundles covering the all ﬂow regimes case is CTD, BDD/CTS, REH,
IR and MDBB. Due to inconsistent order and insigniﬁcant differ-
nce of these parameters between BDD and CTS, the performances
f BDD and CTS are judged to be the same which is noted as BDD/CTS
n the order list.
ig. 7. Comparison of predictions by the modiﬁed Baxi and Dalle Donne (MBDD)
orrelation  to the measured friction factors of all 80 bundles in all ﬂow regimes.edicted within this interval.
In order to illustrate in more detail how the four correlations
from different developers above, i.e., CTD, BDD, REH and KIR, ﬁt the
whole range of the data, results from two bundles covering blanket
and control assembly design (Marten11 and Marten33) and three
recently (after year 2000) published bundles with fuel assembly
design (ESTHAIR, Chun2 and Chun3) are selected for the compari-
son with these correlations. The comparisons over the full range of
data among four correlations for these ﬁve bundles are shown in
Figs. 10–14, respectively.
For  the turbulent regime, it is clear that the slope of data after the
transition to turbulent ReT for the Cheng and Todreas correlation,
Eq. (3), becomes a constant. The exponent −0.18 for Re of CTD ﬁts
the data well, while the exponent of −0.25 used in the BDD and KIR
correlations is somewhat steep.
The predicted transition friction factor exhibits a sudden
decrease as the Reynolds number increases near the transition to
turbulent boundary for both BDD and CTD. These behaviors over-
predict the data for a certain range of transition Re. For CTD this
range is from ReT to around 4000; for BDD it is from 5000 to around
1000. Figs. 10–14 show that the BDD transition formula causes aof friction factor near the transition to turbulent boundary cause a
calculated reverse pressure drop as ﬂow increases. This anomalous
Fig. 8. Comparison of predictions by the Kirillov (KIR) correlation to the measured
friction  factors of all 80 bundles in all ﬂow regimes.
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Fig. 9. Prediction error histogram for the detailed Cheng and Todreas (CTD) corre-
lation for all 80 bundles in all ﬂow regimes.
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Fig. 11. Comparison between full range data and predictions for the Marten33 bun-
dle.
Fig. 12. Comparison between full range data and predictions for the ESTHAIR bun-
dle.ig. 10. Comparison between full range data and predictions for the Marten11 Bun-
le.
ehavior is artiﬁcial and might create problems in numerical code
nalyses1.
From  these comparison ﬁgures, one can observe that CTD ﬁts
he data best in all ﬂow regimes.
.1.2. Evaluation case #2–79 bundle set covering the transition
nd/or  turbulent regimes
Since  the REH correlation is not applicable in the laminar regime,
valuation of its performance is proper based on data in the
ransition and/or turbulent regimes. The Efthimiadis bundle only
as data in laminar regime. Hence 79 (out of 80) bundles have
ata in the transition and/or turbulent regimes. In total there are
83 data points. The predicted versus measured friction factors
1 A modiﬁed transition formula has been proposed for Cheng and Todreas corre-
ation  to resolve this issue (Chen et al., 2013).
Fig. 13. Comparison between full range data and predictions for the Chun2 bundle.
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Increases of about 1–2% for the mean RMS  and the 90% con-
ﬁdence interval, respectively, are found from the NOV to the
BDD correlation. This demonstrates that the BDD’s simpliﬁedig. 14. Comparison between full range data and predictions for the Chun3 bundle.
istribution can be observed from the transition and turbulent parts
f Figs. 3–8 for the REH, BDD, CTD, CTS, MBDD and KIR correlations,
espectively. The MBDD overpredicts a large portion of the data
ost clearly in these regimes. Among the others, the CTD has the
mallest deviation from the data, and the KIR has the largest.
The  sample mean, sample STD and 90% conﬁdence interval of
ach correlation’s prediction errors are calculated and illustrated
n Table 6. Similar to the above case, for the REH and BDD corre-
ations there are some data points with a very large error, leading
o rather high STD comparing to the CTD and CTS. These high pre-
iction errors (>40%) are mainly from the low ﬂow rate data of
arten’s P/D = 1.041 bundles, which are not within the applicable
ange of these two correlations. In this case, the intervals that cover
0% of the data for each correlation, also shown in this table, are
sed for evaluation, and they show that the order is: CTD, REH, BDD,
TS, KIR and MBDD.
The  summation of all 79 bundle scores for the Agreement Index
nd Credit Score as well as mean RMS  are also listed in Table 6.
he CTD has higher total Agreement Index values than those (by
escending order) of the BDD, REH, CTS, KIR and MBDD correlations.
or the Credit Score the order is the same.
From the results of the 90% data interval, Agreement Index, and
redit Score, the descending order of the best ﬁt correlation for the
ll (79) bundle in transition and/or turbulent regimes case is CTD,
DD, REH, CTS, KIR and MDBB.
.1.3. Evaluation case #3–79 bundle set covering the turbulent
egime
Since  the NOV correlation was proposed mainly for the turbu-
ent regime, it does not ﬁt the data in the transition regime. Hence
t is proper to compare it with the other correlations for turbulent
egime data only. For this regime the ZHUT correlation also applies
nd hence it is evaluated as well. The ZHU correlation, although
lso applicable to the turbulent regime, is not included in the eval-
ation of this section since its H/D is valid only for H/D < 25, while
he application range of H/D for most of the other correlations is
rom 8 to 50.
In  total there are 356 data points in the turbulent regime of all 79
undles. Figs. 15 and 16 illustrate the fpredicted versus fmeasured plot
or the NOV and ZHUT correlations, respectively. Similar plots for
ther correlations can be found in Figs. 3–8. These ﬁgures show that
he CTD correlation can predict almost all the data in the turbulent
egime within ±20%.
The  indices of the goodness for the seven correlations are shown
n Table 7. From these results, it is concluded that the goodness ofFig. 15. Comparison of predictions by the NOV correlation to the measured friction
factors  of all 79 bundles in the turbulent regime.
these correlations in descending order is, CTD, NOV, REH/BDD, CTS,
KIR, and ZHUT. Since the indices for REH and BDD are not consis-
tent, and the differences between them are insigniﬁcant, these two
correlations are concluded to have the same performance in the
turbulent regime. It is evident that the KIR (i.e., Sobolev correla-
tion) has a better performance than the other Russian developed
turbulent friction factor correlation, ZHUT.Fig. 16. Comparison of predictions by the ZHUT correlation to the measured friction
factors of all 79 bundles in the turbulent regime.
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Table 6
Indices for goodness of correlation predictions based on transition and/or turbulent data of all 79 bundles.
Index Model
REH BDD CTD CTS MBDD KIR
Mean error −1.2% 4.2% −0.2% 2.0% 17.6% 7.6%
STD  of error 11.2% 10.4% 9.2% 11.1% 21.3% 12.3%
90%  conﬁdence intervala ±18.5% ±18.5% ±15.1% ±18.5% ±45.0% ±23.7%
90%  data intervalb ±15.2% ±15.6% ±14.0% ±17.4% ±43.6%  ±22.5%
Mean  RMS  8.3% 8.8% 8.1% 10.1% 19.7% 13.1%
Agreement  Index 208 213 216 200 140 175
Credit  score 67.8 68.7 72.3 66.0 40.0 52.6
a 90% conﬁdence interval: assuming normal distribution of error, 90% of data can be predicted within this interval.
b 90% of the data were predicted within this interval.
Table 7
Indices for goodness of correlation predictions based on the turbulent regime data of all 79 bundles.
Index Model
NOV REH BDD CTD CTS KIR ZHUT
Mean error 2.5% −4.0% 4.1% 0.4% 3.0% 6.4% −14.8%
STD  of error 8.0% 8.4% 8.4% 8.0% 9.6% 10.1% 10.2%
90%  conﬁdence intervala ±13.7% ±15.2% ±15.3% ±13.1% ±16.6% ±19.7% ±27.8%
90%  data intervalb ±14.4% ±15.3% ±15.7% ±12.5% ±16.2% ±19.8% ±27.7%
Mean  RMS 7.0% 6.6% 7.8% 7.0% 8.6% 10.9% 15.6%
Agreement  Index 220 214 216 217 206 197 154
Credit  Score 71.3 70.4 69.3 73.6 67.6 61.0 35.3
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ssumption of X1 = 1 and De1 = Deb to the Novendstern model makes
he prediction of BDD only slightly worse than NOV in the turbulent
egime.
.1.4. Evaluation case #4–23 bundle set covering laminar regime
As  discussed previously, a total of 23 bundles are used in this
aminar data investigation. For the laminar regime, the parame-
er f × Re is a constant, called the laminar constant. Since 1986,
ve new bundles having laminar ﬂow friction factor data have
een reported, i.e., ESTHAIR (Berthoux and Cadiou, 2010), and four
undles performed by Chun and Seo (2001). All the other bundle
aminar constants were previously presented in Cheng and Todreas
1986). In addition to the Cheng and Todreas correlations, only the
IR, BDD and MBDD have models for the laminar constant. The
DD used Eq. (2) proposed by Engel et al. (1979) multiplied by a
emperature-related factor, while the MBDD simply multiplies the
alue of BDD by a factor of (300/320) (Bubelis and Schikorr, 2008).
he applicable range of Rehme correlation does not cover the lam-
nar regime, although friction factor values can still be calculated
or Re < 1000.The same methodologies used above in Sections 4.1.1–4.1.3 are
pplied here for evaluating laminar regime data of the 23 bundles.
n total there are 100 data points in the laminar regime. The com-
arison of measured friction factor data to the predictions of REH,
able 8
ndices for goodness of correlation predictions based on laminar regime data of all (23) b
Index Model
REH BDD 
Mean error 0.1% 8.5% 
STD  of error 30.4% 30.2% 
90%  conﬁdence intervala ±50.0% ±51.6% 
90%  data intervalb ±45.1% ±44.9% 
Mean  RMS  25.0% 26.0% 
Agreement  Index 35 35 
Credit  Score 8.7 8.9 
a 90% conﬁdence interval: assuming normal distribution of error, 90% of data can be pr
b 90% of the data were predicted within this interval.edicted within this interval.
BDD,  CTD, CTS, MBDD and KIR can be observed from the laminar
portion of Figs. 3–8, respectively. The CTD, CTS and KIR appar-
ently have much better performance than BDD, MBDD and REH.
Table 8 shows the indices for goodness of predictions for this case.
According to the parameters for identifying best ﬁt correlation,
i.e., 90% conﬁdence interval, Agreement Index and Credit Score,
the descending order of the best ﬁt correlation is: CTD, CTS, KIR,
MBDD, BDD/REH. Note that although the REH and BDD  have lower
mean values, this does not reveal any goodness in their prediction,
especially for this insufﬁcient data point case.
The evaluation can also be performed in terms of the accuracy of
the predicted laminar constant. Since there is only a single laminar
constant value for each bundle estimated from the friction factor
data in the laminar regime, using the laminar constant for compar-
ison of measured values and predictions can avoid the weighting
issue raised from use of a number of data for one bundle. Fig. 17
illustrates the predictions by various correlations versus measured
values for this constant. Excluding the data of the Chiu and Engel
bundles, which are believed to be far off the trend of data from bun-
dles with similar geometry, all data lie within the following bounds
for CTD, CTS and KIR: ±14%, ±15%, and ±20%, respectively (Nguyen
et al., 2013). Although the predictions of KIR look better than those
of CTD and CTS for the two  data points outside the ±20% lines in
the right lower part of Fig. 17 (i.e., the Chiu and Engel bundles), for
undles.
CTD CTS MBDD KIR
−4.5% −4.0% 2.0% 4.2%
12.2% 13.6% 28.2% 13.8%
±21.4% ±23.3% ±46.5% ±23.7%
±21.3% ±20.5% ±39.9% ±22.4%
10.8% 12.5% 22.6% 12.8%
53 51 37 51
18.0 17.0 10.2 14.5
edicted within this interval.
S.K. Chen et al. / Nuclear Engineering and Design 267 (2014) 109– 131 123
40
40
Pr
ed
ic
te
d 
 V
al
ue
Measured Value
Lamina r Con stant
CTD
KIR
MBDD
CTS
±20%
80 
80 120 
120 
F
i
t
C
f
n
4
4
c
f
a
3
b
c
i
o
K
4
1
t
o
o
a
l
g
b
d
u
B
u
Z
s
d
cig. 17. Comparison of measured laminar constants to the predicted values by var-
ous correlations.
hose within ±20% the predictions of KIR are generally worse than
TD and CTS. As for MBDD the predictions are quite inconsistent,
rom +58% to −30% (even with the two poorest bundle predictions
ot considered). The BDD performs even worse than MBDD.
.2.  Designer interest correlation ranking
.2.1. Evaluation case #5 – fuel assembly group – 34 bundle set
overing  the transition and/or turbulent regimes
Bundles with P/D = 1.1–1.3 and H/D = 20–54 were assigned to the
uel assembly group. There are 35 out of 80 bundles in this group
s indicated in the last column of Table 1, and in total there are
65 data points in the transition and/or turbulent regimes of 34
undles. Table 9 shows the parameters for indices of goodness of
orrelation predictions for fuel group. Based on the 90% conﬁdence
nterval, Agreement Index and Credit Score, the descending order
f the best ﬁt correlation for fuel group is: CTD, BDD, REH, CTS and
IR.
.2.2. Evaluation case #6 – blanket and control assembly group –
6 bundle set covering the transition and/or turbulent regimes
Bundles  with P/D = 1.03–1.13 and H/D = 7–23 were assigned to
his blanket and control assembly group. There are 16 bundles out
f 80 bundles belonging to this group as indicated in the last column
f Table 1, and in total there are 194 data points in the transition
nd/or turbulent regimes. As discussed in Section 2 the ZHU corre-
ation is valid for H/D < 25 and is included in the evaluation of this
roup. The result shows that the predictions of all the turbulent data
y ZHU are within 20% error. The ZHU underpredicts the transition
ata in this group, probably due to the low value calculated by its
ncommon transition formula (see Eqs. (B8.3)–(B8.5) in Appendix
). If the transition formula for ZHU is replaced by the form of that
sed in KIR (i.e., Engel’s transition formula), designated as modiﬁed
hukov (MZHU) correlation, the performance is improved to be the
ame as KIR achieves.
The  indices for goodness of predictions of the seven correlations
iscussed above are shown in Table 10. All these results indi-
ate that CTD and CTS perform signiﬁcantly better than the otherFig. 18. Prediction error histogram for the REH correlation for 75 bundles with
P/D > 1.06 in the transition and/or turbulent regimes.
models. The goodness of correlations in descending order is CTD,
CTS, KIR, MZHU, REH, BDD and ZHU. Since the REH correlation is
valid only for P/D > 1.1, its poor performance is expected. The BDD
correlation is slightly worse than REH, but with no signiﬁcant differ-
ences in the 90% conﬁdence interval, Agreement Index and Credit
Score.
4.2.3. Evaluation case #7 – 75 bundle set with P/D > 1.06 covering
the transition and/or turbulent regimes
Most correlations evaluated are valid for P/D > 1.06, except the
Rehme correlation which was calibrated by Rehme’s own exper-
imental results for which a validation range for P/D between 1.1
and 1.42 was speciﬁed. The previous evaluations show that the
Rehme correlation can predict data of bundles with P/D as low as
1.05, while it breaks down for P/D approaching 1.04. Since most
SFR assemblies designed until now have P/D > 1.06, and the Rehme
correlation can predict bundles with P/D as low as 1.06, a speciﬁc
study based on the transition and/or turbulent regime data of all
bundles with P/D > 1.06, was conducted for identifying the best ﬁt
correlation.
Of all 79 bundles selected for evaluation in the transition and/or
turbulent regimes, only four, i.e., Marten 11, 12, 13 and Carelli have
P/D < 1.06; therefore, the evaluation covers 75 bundles, 95% of the
bundles selected. In total there are 829 data points evaluated in
this case. Table 11 illustrates the evaluation results of this speciﬁc
study. Since the large error data points are excluded, the STD and
90% conﬁdence interval for the REH and BDD become reasonably
small compared to the 79 bundles in the transition and/or turbu-
lent regimes case (Table 6). Figs. 18 and 19 illustrate the prediction
error histograms in this case for the REH and BDD, respectively. The
descending order of the best ﬁt correlation is: CTD, BDD, REH, CTS
and KIR.
4.3.  Evaluation results for supplemental casesThere are three supplemental cases. For evaluation case #8, 8
CFD simulation results are combined with a 79 bundle data set
in transition and/or turbulent regimes to become a data set of 87
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Table 9
Indices for goodness of correlation predictions based on the transition and/or turbulent regimes data of fuel group (34) bundles.
Index Model
REH BDD CTD CTS KIR
Mean error −3.5% 4.1% 1.0% 5.0% 12.7%
STD  of error 8.9% 8.3% 8.9% 9.5% 9.8%
90%  conﬁdence intervala ±15.7% ±15.2% ±14.7% ±17.6% ±25.2%
90%  data intervalb ±15.5% ±14.3% ±12.8% ±15.9% ±24.1%
Mean  RMS  8.2% 7.8% 8.0% 9.4% 14.0%
Agreement  Index 89 93 93 89 72
Credit  Score 29.8 30.3 31.1 29.5 20.5
a 90% conﬁdence interval: assuming normal distribution of error, 90% of data can be predicted within this interval.
b 90% of the data were predicted within this interval.
Table 10
Indices for goodness of correlation predictions based on the transition and/or turbulent regimes data of blanket and control group (16) bundles.
Index Model
REH BDD CTD CTS KIR ZHU MZHU
Mean error 5.5% 9.4% −0.7% −4.4% −4.2% −8.6% −3.2%
STD  of error 16.8% 15.3% 10.4% 10.7% 11.7% 18.1% 12.2%
90%  conﬁdence intervala ±29.0% ±29.6% ±17.2% ±19.0% ±20.5% ±33.0% ±20.8%
90%  data intervalb ±22.8% ±23.6% ±15.6% ±18.4% ±21.8% ±37.0% ±22.0%
Mean  RMS  12.9% 14.7% 9.7% 10.5% 12.0% 19.2% 12.3%
Agreement  Index 37 37 42 41 36 26 35
Credit  Score 10.8 10.5 14.0 13.4 12.5 3.0 12.1
a 90% conﬁdence interval: assuming normal distribution of error, 90% of data can be predicted within this interval.
b 90% of the data were predicted within this interval.
Table 11
Indices for goodness of correlation predictions based on transition and/or turbulent regimes data of 75 bundles with P/D > 1.06.
Index Model
REH BDD CTD CTS KIR
Mean error −2.1% 3.4% 0.6% 2.6% 8.6%
STD  of error 8.5% 8.3% 8.7% 10.5% 11.5%
90%  conﬁdence intervala ±14.4% ±14.7% ±14.3% ±17.7% ±23.5%
90%  data intervalb ±14.4% ±14.1% ±13.5% ±17.0% ±22.3%
Mean  RMS  7.2% 7.9% 7.8% 9.8% 13.0%
Agreement  Index 204 207 208 193 167
Credit  Score 66.9 67.5 70.1 64.5 50.6
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b 90% of the data were predicted within this interval.
undles. In total there are 32 data points from these 8 CFD simula-
ion, all with a Re higher than 5000. For the 87 bundle data set the
otal data points are 915. It should be noted that the CFD results
re not considered to be part of the appropriate data set for formal
valuation. The main parameters for goodness of each correlation
re listed in Table 12, and based on these results the descending
rder of the correlation is CTD, CTS/BDD, REH and KIR. The detailed
valuation results are presented in Nguyen et al. (2013).
able 12
ain  Indices for goodness of correlation predictions for supplemental cases.
Case Index Model
REH 
#8) 79 bundles and 8 CFD 90% data interval ±16.2%
Agreement index 221 
Credit score 70.8 
#9)  109 bundles, all ﬂow regimes 90% data interval ±16.5%
Agreement Index 285 
Credit Score 91.1 
#10)  108 bundles, Trans./turb. 90% data interval ±13.7%
Agreement Index 293 
Credit Score 94.8 edicted within this interval.
Due to the consideration of avoiding a single investigator’s pos-
sible systematic error of his experimental results, for our initial
evaluation we  selected 25 out of 54 of Rehme’s bundles with pin
numbers higher than 7. It would be informative if all these 54
Rehme bundles are included for evaluation, which makes the total
bundle number 109. The other two  supplemental cases are there-
fore 109 bundles covering all ﬂow regimes (1401 data points)
and 108 bundles covering transition and/or turbulent regimes
BDD CTD CTS KIR
 ±16.1% ±14.4% ±17.3% ±23.4%
230 236 223 197
73.5 78.2 73.9 60.3
 ±18.2% ±16.4% ±18.5% ±24.1%
272 288 270 229
90.3 94.4 85.8 66.6
 ±16.4% ±15.8% ±18.4% ±24.1%
283 286 268 227
93.1 94.1 86.7 66.6
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Table  13
Ranking of correlations for different ﬂow regimes and bundle groups (the lower the number the better ﬁt to data).
Category General user interest cases Designer interest cases Supplemental cases
Evaluation
casea
model
#1) 80
Bundles all
regimes
#2) 79
Bundles
trans./turb.
#3) 79
Bundles
turb. only
#4) 23
Bundles
laminar
only
#5) 34
Bundles
fuel group
#6) 16
Bundles
B&C group
#7) 75
Bundles
P/D> 1.06
#8) 79
Bundles
and 8 CFD
#9) 109
Bundles all
regimes
#10) 108
Bundles
trans./turb.
REH 4 3 2 4 3 4 3 4 2 1
BDD  2 2 2 4 2 5 2 2 3 3
CTD  1 1 1 1 1 1 1 1 1 2
CTS  2 4 4 2 4 2 4 2 4 4
KIR  5 5 5 3 5 3 5 5 5 5
NOV  NAb NA 1.5 NA NA NA NA NA NA NA
ulent
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Pa 79 bundle set is the same as 80 bundle set, speciﬁcally in transition and/or turb
undle set, just like 79 and 80 cases.
b NA- not applicable.
1301 data points). The detailed evaluation results are presented in
guyen et al. (2013), and the main indices for goodness of correla-
ion are also listed in Table 12. Based on these results the descending
rder for the best ﬁt correlation for case 9 (109 bundles) is CTD, REH,
DD, CTS and KIR. As for case 10, in which 54 out of 108 are Rehme
undles, Table 12 shows that the descending order for the best ﬁt
orrelation is REH, CTD, BDD, CTS and KIR.
.4. Discussion of evaluation results
From the evaluation results presented above, Table 13 sum-
arizes the goodness of correlations for different application
onditions. The low to high number in this table is the order of
he best ﬁt to the data for each condition. Consistently in all cases,
he detailed Cheng and Todreas correlation is identiﬁed to be the
est ﬁt wire-wrapped rod bundle friction factor correlation, except
or the supplemental 108 bundle set case covering the transition
nd/or turbulent regimes. The main factor inﬂuencing the 108 bun-
le case results is that half of the data sets are Rehme bundles, which
hereby creates a possible biasing effect from one investigator. As
or the accuracy of the prediction, the CTD can predict all exper-
mental data within ±13% with 90% conﬁdence for the turbulent
egime, ±21% for the laminar regime, and ±15% for the transition
nd turbulent regimes. As mentioned before, the mean prediction
rror of CTD of all cases is less than 1% (except for the laminar
egime case, for which the data points might not be statistically
ufﬁcient).
ig. 19. Prediction error histogram for the BDD correlation for 75 bundles with
/D > 1.06 in the transition and/or turbulent regimes. regimes there are only 79 bundles having data. 108 bundle set is the same as 109
As for the second best ﬁt correlation, for all the basic evalua-
tion cases except the laminar regime and blanket and control group
cases, the BDD correlation is better than, or the same as, the REH
and CTS. For the laminar regime, the CTS and KIR are better than the
BDD and REH. For the fuel group, the BDD and REH perform better
than the CTS and KIR, while BDD and REH perform worse than CTS
and KIR for the blanket and control group. In general for the transi-
tion and/or turbulent regimes, the descending order for the best ﬁt
correlation is CTD, BDD, REH, CTS and KIR. Note that, speciﬁcally for
the turbulent regime, the NOV is the second best correlation and
can predict ±14% of the data with 90% conﬁdence level.
5.  Summary and conclusions
5.1.  Summary
In  this study, the pressure drop experiments performed in wire-
wrapped rod bundles since 1960 have been thoroughly surveyed.
A total of 141 bundle friction factor data have been collected. 83
of them are listed in Table 1, which summarizes the investigators,
year published, bundle geometrical parameters, and the assembly
groups to which the bundles belong. The 58 bundles not listed
in Table 1 are (a) 9 bundles, listed in Table 2, that are judged
not appropriate for this evaluation and (b) 49 bundles of Rehme’s
experimental group of 74 bundles. Of the 83 bundles listed in
Table 1, 3 with an asterisk (*) in their ID were judged not to be
appropriate for this evaluation. The remaining 80 bundle set is the
data base used for our evaluation for the best ﬁt friction factor cor-
relation, of which 25 are Rehme’s bundle and the remaining 55 are
from the other investigators.
Eight  friction factor correlations have been evaluated in this
study: Novendstern (1972), Rehme (1973), Baxi and Dalle Donne
(1981), detailed Cheng and Todreas (1986), simpliﬁed Cheng and
Todreas (1986), modiﬁed Baxi and Dalle Donne (Bubelis and
Schikorr, 2008), Zhukov et al. (1986) and Kirillov et al. (2010).
Table 3 depicts the application range and accuracy (proposed by
the developers) of these correlations. Detail equations for these
correlations are described in Appendix B.
Three principal methods have been adopted for identifying the
best ﬁt correlation. They are the traditional prediction versus mea-
surement ﬁgures with prediction error distribution statistics, the
Agreement Index method which assigns an index to the degree
of agreement of predictions to data, and the Credit Score method
which assigns a score based on the calculated RMS  error.
The  goodness of those correlations for different ﬂow
regimes and bundle groups assessed for seven basic evalua-
tion cases supplemented by three additional cases by these
three methods has been accomplished. The seven basic eval-
uation cases identiﬁed in Table 4 include 4 general user
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Table 14
Application ranges for correlations.
Application range P/D range H/D range Flow regime Bare rod
application
Hand calculation
Novendstern 1.06–1.42 8.0–96.0 Turbulent No Difﬁcult
Rehme  1.06–1.42 8.0–50.0 Turbulent, transition No Difﬁcult
Baxi  and Dalle Donne 1.06–1.42 8.0–96.0 Turbulent, transition, laminar No Difﬁcult
Detailed  Cheng–Todreas 1.0–1.42 4.0–52.0 Turbulent, transition, laminar Yes Very Difﬁcult
Simpliﬁed  Cheng-Todreas 1.025–1.42 8.0–50.0 Turbulent, transition, laminar No Simple
Zhukov  1.0–1.5 8.0–25.0 Turbulent, transition, laminar Yes (Turbulent) Simple
urbul
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nterest cases and 3 designer interest cases. The ﬁrst supple-
ental case explores the sensitivity of including available friction
actor results calculated from CFD simulation by adding the eight
vailable CFD bundle results to the 79 bundle data base for the
valuation. The other two supplemental evaluation cases add the
dditional 29 Rehme bundles (with pin number higher than 7) to
he 80 bundle base case set to make sets of 109 bundles covering all
ow regimes and 108 bundles covering transition and/or turbulent
egimes.
.2. Conclusions
First, it is important to point out the correlation characteris-
ics which are depicted in Table 14. The application range for the
etailed Cheng and Todreas correlation is broadest in terms of
/D, while for H/D its range covers the lowest value of 4 to the
econd highest value of 52. It can even be applied to bare rod
eometry to which otherwise only the turbulent correlations of
he Zhukov and Kirillov models can also be applied. The only draw-
ack of the CTD correlation is its difﬁculty by hand calculation;
owever, a correctly programmed small code can easily perform
he calculation2. Regarding the P/D range of the Rehme correlation,
his study indicates that it can predict satisfactorily the transition
nd/or turbulent regimes data for bundles with P/D down to 1.06,
ut it breaks down for P/D approaching 1.04.
The ranking of correlations for different application conditions
ave been summarized in Table 13. Consistently the detailed Cheng
nd Todreas correlation is identiﬁed to be the best ﬁt wire-wrapped
od bundle friction factor correlation, except for the supplemen-
al 108 bundle set case covering the transition and/or turbulent
egimes, in which half of the 108 bundles are Rehme bundles. In
eneral for the transition and/or turbulent regimes, the descending
rder for the best ﬁt correlation is CTD, BDD, REH, CTS and KIR.
These  conclusions are consistent with the results of previous
valuations, e.g., Chun and Seo (2001), and Tenchine (2010) with
he exception of Bubelis and Schikorr (2008). The Bubelis and
chikorr evaluation reached a quite different conclusion due to
ncorrect representation of the CTD and CTS correlation formula-
ions.
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Appendix A. Available wire-wrapped bundle friction factor
data
A.1.  Experiments results utilized in this assessment
A.1.1. The USA SFR program (The fast ﬂux test facility and clinch
river  breeder reactors)
At  MIT  several wire-wrapped rod bundles pressure drop exper-
iments have been performed. Cheng (1984) performed a pressure
drop experiment in a 37-pin bundle with P/D = 1.154 and H/D = 13.4
to ﬁll the gap in the available data at that time. Around the
same time, Efthimiadis (1983) measured pressure drop in a 19-
pin bundle with P/D = 1.245 and H/D = 35.2 at very low ﬂow rate
(Re = 30–800). Burns (1980) performed experiments in a 37-pin,
with P/D = 1.156 and H/D = 21.0, bundle including some at low ﬂow
rate. Before that, Chiu et al. (1979) measured pressure drop in two
61-pin simulated liquid metal fast breeder reactor (LMFBR) blan-
ket assemblies with P/D = 1.067 and H/D = 4.0 and 8.0. Although
Chiu had measured the pressure drop at a low ﬂow rate, only two
data points were in the subsequently established laminar region
(Re < 400). The f × Re values of 160 for the H/D = 4.0 bundle and 90
for the H/D = 8.0 bundle are believed to be too high based on the
Cheng and Todreas (1986) study of this constant. Since the lowest
H/D value for most correlations is 8.0, the Chiu H/D = 4.0 bundle
data does not fall in the data range of interest and hence is not
evaluated in this study. However, Chiu’s H/D = 8.0 bundle is used in
this study since it was used by Engel et al. (1979) to calibrate their
correlation’s laminar constant. The errors involved in friction fac-
tor data were about ±20% for Re > 6000 and ±30% for the laminar
region.
At Westinghouse the following bundle tests were performed.
Carelli and Willis (1981) measured pressure drop in a 61-pin
absorber bundle which had low P/D (=1.05) and medium H/D
(=20.0). Spencer and Markley (1980) measured the friction factor
of several 217-pin fuel bundles with P/D = 1.252 and H/D = 51.74,
and correlated all the data in a simple form. Further, Engel et al.
(1979) measured pressure drop in four 61-pin blanket bundles,
two of which were cooled by sodium and two by water. The aver-
age geometrical parameters of these four blanket bundles were
P/D = 1.082 and H/D = 7.78. The friction factor was correlated in a
simple form. One bundle with those parameters was used to rep-
resent the four bundles of the Engel et al. experiments. Engel’s
laminar region data results led to a laminar constant of 110, which
was revised by Markley (1982) to be 99, but it still was  far off the
trend as shown by Cheng and Todreas (1986). However, its laminar
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late the 220 MWe  Indian Pressurized Heavy Water Reactor fuel
bundle. Since the assembly is circular instead of hexagonal, theS.K. Chen et al. / Nuclear Enginee
egion data are included for this evaluation since, as for Chiu’s bun-
le, it was used by Engel et al. (1979) to calibrate their correlation’s
aminar constant. The error associated with experimental data was
ot reported, but the 10% spread of data around the representative
urve was mentioned.
At  Atomics International, Davidson (1971) measured pressure
rop in a 217-pin bundle with P/D = 1.283 and H/D = 48.0.
.1.2. The Japanese SFR program (The JOYO, MONJU and JEFR
eactors)
Itoh  (1981) reported results from six JOYO geometry bun-
les: four were 91-pin, P/D = 1.216, with different H/D (15.03,
2.54, 32.22, and 45.08), and the others were 127-pin, P/D = 1.176,
ith different H/D (=38.0 and 53.27). Itoh (1981) also provided
esult of one MONJU geometry bundle with 169-pin, P/D = 1.214,
/D = 47.39. Wakasugi and Kakehi (1971) and Okamoto et al. (1970)
erformed pressure drop measurements in their JEFR 91-pin bun-
les with one P/D (1.221) combined with ﬁve H/D values (14.3, 20.6,
0.2, 41.3, and 40.48).
.1.3.  The EU SFR program (the European fast reactor)
Chenu et al. (2011) presented the pressure drop data of the
odium boiling experiment performed at the Joint Research Center
t Ispra, Italy in the 1980s. The bundle contained 12 pins (P/D = 1.3,
/D = 18.75) with wire-wrap as the spacer. A bounding wall geom-
try designed to create edge channels with geometry similar to
hose in a hexagonal assembly was needed since the full hexagonal
eometry consists of 7 or 19 pins, not 12. The uncertainties of the
ressure drop results were not reported.
Marten et al. (1982) carried out pressure drop experiments in
ine 37-pin small P/D (1.041, 1.072, 1.101) and H/D (∼8.3, 12.5,
6.7) bundles. Marten’s data are very valuable not only because
heir P/D is very low but also because very low ﬂow rate data (down
o Re ∼50) were measured. In these experiments, the same bundle
ousing was used for all nine bundles, hence the rod and wire diam-
ters were changed to obtain the desired P/D. Excellent tolerance
ontrol resulted in very tight geometry.
Hoffmann (1973) measured pressure drop in three 61-pin bun-
les with P/D = 1.317 and H/D = 16.67, 33.33, and 50.0. Sodium was
sed as the working ﬂuid.
Reihman  (1969) carried out pressure drop experiments in 14
ire-wrapped rod bundles most of which were 37-pin bundles.
he reported geometry of these bundles showed that the toler-
nces were quite large. Since no value for the looseness factor had
een reported, the average values used were calculated by assum-
ng that the tolerance is uniformly distributed. This makes the P/D
alues of these bundles in Table 1 different from the reported values
hich were based on the formulation (D + Dw)/D. Twelve of Reih-
an’s 14 bundles were selected for this study. Two bundles having
/D = 61.22 and 96.0 were not selected since they are out of the
pplication range of most correlations as shown in Table 3.
Baumann  et al. (1968) measured pressure drop in several hexag-
nal bundles with different kinds of spacers. Four of them were
ire-wrapped bundles, two of which were 61-pin, P/D = 1.167 and
/D = 16.7, 25.0, while the other two were 19-pin, P/D = 1.227 and
/D = 15.1, 22.7.
Rehme (1967) performed pressure drop experiments for 74
ire-wrapped rod bundles with different combinations of geomet-
ical parameters. In total there were 25 combinations composed of
ve P/Ds for each of ﬁve H/Ds; further, each combination has three
ifferent pin number conﬁgurations, generally, 7, 19, 37; only for
/D = 1.125 were there 61-pin bundles. However, for the Rehme41
onﬁguration, only two bundles with 7-pins and 19-pins were
ested, which reduces the total number of Rehme bundles to 74. The
5 bundles selected for our evaluation are listed in Table 1 wherend Design 267 (2014) 109– 131 127
the  letter designation following the bundle number identiﬁes the
bundle pin number (i.e., a = 7, b = 19, c = 37, d = 61).
A.1.4. The Korean SFR program (The KALIMER reactor)
Choi et al. (2003) carried out pressure drop experiments
in  a 271 pin fuel assembly (P/D = 1.2, H/D = 24.84). A series of
experiments was conducted over a range of ﬂuid temperatures and
ﬂow rates. The uncertainty in the measured friction factor data was
not reported.
Chun and Seo (2001) performed pressure drop experiments
in four 19 pin wire-wrapped fuel assemblies. The test sections
were identiﬁed as A2, A3, B2, and B3, with P/D = 1.180, H/D = 25.0;
1.178, 37.5; 1.256, 25.0; and 1.255, 37.5, respectively. The data
for all the experiments performed with these four test sec-
tions have recently been published by the original investigator
(Seo et al., 2013). The uncertainty of the measured friction fac-
tor has been reported at around 14% for Re < 4500 and 6% for
Re > 4500.
A.1.5. The French GFR program
The  ESTHAIR program was  conducted at the CEA in support of
the ALLEGRO core thermal hydraulics program. The test assem-
bly contained 19 wire-wrapped heated rods with P/D = 1.24 and
H/D = 21.88. Testing was performed with air, based on similitude
with the ALLEGRO operating condition. Berthoux and Cadiou (2010)
graphically presented ESTHAIR test (Fanning) friction factor data as
a function of Reynolds number. The uncertainties in the data were
reported as about 7% in the turbulent region and 16% in the laminar
region.
A.2. Experiment results not utilized in this assessment
A.2.1. The US GFR program
At  UC-Santa Barbara Arwikar and Fenech (1979) performed an
experiment in a 61-pin wire-wrapped bundle with P/D = 1.05 and
H/D = 14.45. Bundle friction factors were obtained in the laminar
and turbulent regions, and correlations were obtained by linear
regression of the data. The experimental error was about 10% for
the turbulent region and about 20% for the laminar region. How-
ever, since the circumferential start location of the wire on all pins
was not identical (positions of +120 and −120◦ were used on rods
adjacent to those with a zero degree position), the geometry of this
bundle is not consistent with the standard SFR design of identical
wire start positions for all pins in the bundle.
A.2.2. The US heavy water reactor program
The ﬁrst systematic pressure drop experiments with wire-
wrapped rod bundles with varied P/D and H/D were reported in the
early 1960s by Bishop et al. (1962) for 19-pin bundles of the USA
Carolinas-Virginia experimental heavy water pressure tube reac-
tor. Since the center pin of these bundles was not wire-wrapped,
these results are not appropriate for this evaluation.
A.2.3. The indian pressurized heavy water reactor program
Vijayan et al. (1999) carried out pressure drop experiments
in a 19-rod fuel bundle with wire-wrap-spacers (P/D = 1.08,
H/D = 15.24). The estimated uncertainty of their friction factor data
is 4.1%. The rods were housed in a circular calandria to simu-geometric arrangement of rods was  not the same as the standard
assembly used in the SFR. Because of this non-SFR prototypic geom-
etry, these data are not suitable for comparison with correlation
predictions.
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ppendix B. Wire-wrapped rod bundle friction factor
orrelations
Equations for geometrical parameters in the following correla-
ions are listed in the end of this appendix.
he Novendstern (1972) correlation
Bundle friction factor
 = (f1)(X1)2
(
Deb
De1
)
(B1)
here
1 = (M)(fs) (B1.1)
s = 0.316/Re0.251 (B1.2)
 = ((1.034/(P/D)0.124 + 29.7(P/D)6.94Re0.0861 /(H/D)2.239)
0.885
(B1.3)
e1 = (X1)(De1/Deb)Re (B1.4)
1 = Ab/(N1A1 + N2A2(De2/De1)0.714 + N3A3(De3/De1)0.714) (B1.5)
here Ai is with cos  = 1.
he Rehme (1973) correlation
 = ((64/Re)F0.5 + (0.0816/Re0.133)F0.9335)(Nr)(D + Dw)/St (B2)
here
 = (P/D)0.5 + (7.6(P/D)2(D + Dw)/H)
2.16
(B2.1)
t = Pwb (given cos  = 1) (B2.2)
he Engel et al. (1979) correlation
For laminar region, Re < 400
 = 110/Re (B3)
For turbulent region, Re > 5000
 = 0.55/Re0.25 (B3.1)
For transition region, 400  Re  5000
 = (110/Re)(1 −  )0.5 + (0.55/Re0.25)0.5 (B3.2)
here
 = (Re − 400)/4600 (B3.3)
he Baxi and Dalle Donne (1981) correlation
For laminar region, Re < 400
 = fL = (Tw/TB)(320/
√
H)(P/D)1.5/Re (B4)
here Tw is wall temperature (K)
TB is coolant bulk temperature (K)
H  is in cm
For  turbulent region, Re > 5000
 = fT = (M)(fs) (B4.1)nd Design 267 (2014) 109– 131
where
fs = 0.316/Re0.25 (B4.2)
M = ((1.034/(P/D)0.124 + 29.6(P/D)6.94Re0.086/(H/D)2.239)0.885
(B4.3)
For transition region, 400  Re  5000
f = fL(1 −  )0.5 + fT0.5 (B4.4)
where
 = (Re − 400)/4600 (B4.5)
The detailed Cheng and Todreas (1986) correlation
For laminar region, Re < ReL
f = CfL/Re (B5)
For turbulent region, Re > ReT
f = CfT/Re0.18 (B5.1)
For transition region, ReL Re  ReT
f = (CfL/Re)(1 −  )1/3 + (CfT/Re0.18)1/3 (B5.2)
where
ReL = 300(101.7(P/D−1.0)) (B5.3)
ReT = 10, 000(100.7(P/D−1.0)) (B5.4)
 = log(Re/ReL)/ log(ReT/ReL) (B5.5)
CfL = Deb(
∑3
i=1
(NiAi/Ab)(Dei/Deb)(Dei/CﬁL))
−1
(B5.6)
CfT = Deb(
∑3
i=1
(NiAi/Ab)(Dei/Deb)
0.0989(Dei/CﬁT)
0.54945)
−1.82
(B5.7)
In which
Cf1T = C ′f1T(Pw′1/Pw1) + WdT(3Ar1/A′1)(De1/H)(De1/Dw)
0.18 (B5.8)
WdT = (29.5 − 140(Dw/D) + 401(Dw/D)2)(H/D)−0.85 (B5.9)
Cf2T = C ′f2T(1 + WsT(Ar2/A′2) tan2 )
1.41
(B5.10)
Cf3T = C ′f3T(1 + WsT(Ar3/A′3) tan2 )
1.41
(B5.11)
WsT = 20.0 log(H/D) − 7.0 (B5.12)
Cf1L = C ′f1L(Pw′1/Pw1) + WdL(3Ar1/A′1)(De1/H)(De1/Dw) (B5.13)
WdL = 1.4WdT = (41.3 − 196(Dw/D) + 561(Dw/D)2)(H/D)−0.85
(B5.14)
Cf2L = C ′f2L(1 + WsL(Ar2/A′2) tan2 ) (B5.15)Cf3L = C ′f3L(1 + WsL(Ar3/A′3) tan2 ) (B5.16)
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Table  B.1
Coefﬁcients in Eq. (B5.18) for bare rod subchannel friction factor constants in hexagonal array.
Constant 1.0  P/D(W/D)  1.1 1.1  P/D(W/D)  1.5
a b c a b c
Cf1L ′ 26.00 888.2 −3334.0 62.97 216.9 −190.2
Cf2L ′ 26.18 554.5 −1480.0 44.40 256.7 −267.6
Cf3L ′ 26.98 1636.0 −10050.0 87.26 38.59 −55.12
′ 8.664
3.341
1.85 
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MCf1T 0.09378 1.398 −
Cf2T ′ 0.09377 0.8732 −
Cf3T ′ 0.1004 1.625 −1
sL = 0.3WsT = 6.0 log(H/D) − 2.1 (B5.17)
Bare rod subchannel friction factor constants (Table B.1.)
′
ﬁ = a + b(P/D − 1) + c(P/D − 1)
2 (B5.18)
For i = 1; for i = 2, 3 replace P/D by W/D
he simpliﬁed Cheng and Todreas (1986) correlation
For laminar region, Re < ReL
 = CfL/Re (B6)
For turbulent region, Re > ReT
 = CfT/Re0.18 (B6.1)
For transition region, ReL Re  ReT
 = (CfL/Re)(1 −  )1/3 + (CfT/Re0.18)1/3 (B6.2)
here
eL = 300(101.7(P/D−1.0)) (B6.3)
eT = 10, 000(100.7(P/D−1.0)) (B6.4)
 = log(Re/ReL)/ log(ReT/ReL) (B6.5)
fL = (−974.6 + 1612.0(P/D) − 598.5(P/D)2)(H/D)0.06−0.085(P/D)
(B6.6)
fT = (0.8063 − 0.9022(log(H/D)) + 0.3526(log(H/D))2)
× (P/D)9.7(H/D)1.78−2.0(P/D) (B6.7)
he modiﬁed Baxi and Dalle Donne (Bubelis and Schikorr, 2008)
orrelation
For laminar region, Re < 400
 = fL = (Tw/TB)(300/
√
H)(P/D)1.5/Re (B7)
here Tw is wall temperature (K)
TB is coolant bulk temperature (K)
H  is in cm
For  turbulent region, Re > 5000
 = fT = (M)(fs) (B7.1)
heres = 0.316/Re0.25 (B7.2)
 = ((1.034/(P/D)0.124 + 29.6(P/D)6.94Re0.086/(H/(D + Dw))2.239)
0.885
(B7.3) 0.1458 0.03632 −0.03333
 0.1430 0.04199 −0.04428
0.1499 0.006706 −0.009567
For transition region, 400  Re  5000
f = fL(1 −  )0.5 + fT 0.5 (B7.4)
where
 = (Re − 400)/5000 (B7.5)
The Zhukov et al. (1986) correlation
For laminar region, Re < 2000,
f = fL =(64/Re)(0.407 + 2.0(P/D − 1)0.5(1 + 17.0(P/D − 1)/(H/D)))
(B8)
For turbulent region, Re > 6000,
f = fT = (0.21/Re0.25)(1 + (P/D − 1)0.32)(1 + M(P/D − 1)Re0.038)
(B8.1)
where
M = 30.3956−4.5911(H/D)  + 0.24308(H/D)2 − 0.0042955(H/D)3
(B8.2)
For transition region, 2000  Re  6000
f = fLε + fT(1 − ε) (B8.3)
where
ε = 0.5(1 − th(0.8(Re/1450 − 1))) (B8.4)
th(x) = tanh(x) = (e2x − 1)/(e2x + 1) (B8.5)
The Zhukov turbulent (Kirillov et al., 2010) correlation
For turbulent region, Re > 10,000,
f = (0.21/Re0.25)(1 + (124Re0.06/(H/D)1.65)x
(1.78 + 1.485(P/D − 1))(P/D − 1)) (B9)
The Kirillov et al. (2010) correlation
For laminar region, Re < 400,
f = fL = (64/Re)(0.407 + 2.0(P/D − 1)0.5(1 + 17.0(P/D − 1)/(H/D))) (B10)
For turbulent region, Re > 5000 (the Sobolev correlation),f = (0.21/Re0.25)(1 + (P/D − 1)0.32)(1 + 600(D/H)2(P/D − 1))
(B10.1)
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For transition region, 400  Re  5000
 = fL(1 −  )0.5 + fT0.5 (B10.2)
here
 = (Re − 400)/4600 (B10.3)
Equations for geometrical parameters
Bare rod ﬂow area and wetted perimeter
′
1 = (
√
3/4)P2 − D2/8
′
2 = P(W − D/2) − D2/8
′
3 = ((W − D/2)2/
√
3) − D2/24
′
b = N1 A′1 + N2 A′2 + N3 A′3
′
w1 = D/2
′
w2 = P + D/2
′
w3 = D/6 + 2(W − D/2)/
√
3
′
wb = N1 P ′w1 + N2 P ′w2 + N3 P ′w2
Wire-wrapped ﬂow area and wetted perimeter
1 = A′1 − D2w/(8 cos )
2 = A′2 − D2w/(8 cos )
3 = A′3 − D2w/(24 cos )
b = N1A1 + N2A2 + N3A3
w1 = P ′w1 + Dw/(2 cos )
w2 = P ′w2 + Dw/(2 cos )
w3 = P ′w3 + Dw/(6 cos )
wb = N1Pw1 + N2Pw2 + N3Pw3
here
os  = H/
√
H2 + ((D + Dw))2
Wire projected area
r1 = (D + Dw)Dw/6
r2 = (D + Dw)Dw/4
r3 = (D + Dw)Dw/6
Hydraulic  equivalent diameter
′
ei = 4A′i/P ′wiei = 4Ai/Pwi
here i = 1, 2, 3 or bnd Design 267 (2014) 109– 131
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